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INTRODUCTION 
Approximately 20% of the United States adult population 
have no natural teeth left (Hulbert and Bennett, 1975). 
Adult teeth are lost due to disease, decay, trauma, and old 
age. Replacement of missing adult teeth through 
implantation of materials such as precious stones, metals, 
and carved bone or ivory has been attempted in the past 
(Hulbert and Bennett, 1975). Although various metals, 
polymers, ceramics, and carbons are being studied presently 
as materials to replace missing teeth, their performance is 
still the subject of much controversy. The success of 
implants in dental surgery has been considerably lower than 
that of other types of surgical implants largely due to the 
difficulty of obtaining a favorable response from the 
adjacent tissues. Factors such as transgingival location, 
infection, bony support, and functional loading influence 
the biocompatibility of the implant material (Williams, 
1981a). 
The material requirements for dental implants are 
compatibility with oral tissues; adequate mechanical 
strength; adequate impact resistance; resistance to 
corrosion, tarnish, and abrasion; and formability. There is 
also the need for the implants to be esthetically appealing 
(Hulbert and Bennett, 1975). Metals have been used 
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historically as dental implants and as other types of 
surgical implants due to their high impact tensile strength, 
high wear resistance, and ductility. However, most metals 
have an unfavorable biocompatibility in the oral and 
physiological environment due to corrosion. Most metals 
also have mechanical, electrical, and thermal properties 
dissimilar to the properties of tissues. Polymers, such as 
polymethylmethacrylate, are resilient and have low 
densities, but they possess low mechanical strength and 
exhibit time-dependent degradation. There are numerous 
advantages to using ceramics as dental implants. Many 
ceramics are biocompatible, corrosion resistant, and inert. 
Some ceramics have been investigated as implant materials, 
have been bonded by bone, and have been said to possess 
biological activity. Ceramics typically also have a high 
compression resistance. Low mechanical reliability, lack of 
resilience, and low-impact and tensile strength are some of 
the disadvantages to using ceramics for dental implant 
applications. Carbon has been studied as a dental implant 
material because it has good biocompatibility, has a 
comparable stiffness to bone, and has resistance to 
degradation by wear and fatigue (Williams, 1981a). 
The objective of this study was to compare the response 
of bony and soft tissue to three endosseous dental implants 
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that are currently used experimentally in human clinical 
dentistry with that of a material developed at Iowa State 
University. The three dental implant materials that were 
obtained from various manufacturers for this project are the 
following: Single-crystal sapphire (Bioceram®), pyrolytic 
carbon (Pyrolite®), and a titanium alloy (Core-Vent™). The 
fourth implant material, that was developed at Iowa State 
University, was a biologically active ceramic composite 
consisting of tricalcium phosphate and magnesium aluminate 
spinel. These four materials were implanted into the 
mandibles of dogs and evaluated clinically at 1, 2, 3, 6, 9, 
12, and 18 months post-implantation and histologically at 3, 
6, 9, 12, and 18 months post-implantation. The clinical 
response to the implants was evaluated using criteria to 
assess the gingival health, plaque accumulation, gingival 
sulcus depth, implant mobility, and radiolucency. The 
histological response of the bony and soft tissue to these 
four implant types was evaluated and compared using optical 
microscopic techniques. The biologically active ceramic was 
also characterized with respect to its physical and 
mechanical properties, mineralogy, and microstructure. 
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LITERATURE REVIEW 
In the first major section of the literature review, 
dental anatomy and histology are discussed in order to give 
the reader background information concerning the tissues 
that are being replaced with dental implants. Bone is 
discussed in detail because of the critical nature of the 
bone response to the success of dental implants. An 
historical overview of endosseous dental implantology is 
given in the second major section. This overview includes 
the tissue response that has been seen to various dental 
implants, the designs that have been proposed for dental 
implants, and the materials that have been studied for use 
as dental implants. In the last major section, the 
properties and biocompatibility of the materials that were 
implanted into the dogs in this study and related materials 
are discussed. 
Dental Anatomy and Histology 
Bone - composition and structure 
Bone, which can be classified as a specialized 
connective tissue, is composed of three different types of 
cells (osteoblasts, osteocytes, and osteoclasts) and 
contains calcified intercellular material (the bone matrix). 
The functions of the three cell types are as follows: 
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Osteoblasts are involved in synthesizing the organic 
components of the bone matrix. Osteocytes are mature cells 
found in cavities (lacunas) within the matrix and are 
believed to be involved in maintaining calcium homeostasis 
(Vaughan, 1981). Osteoclasts are involved in the remodeling 
and resorption of bone tissue. 
The bone matrix is composed of inorganic material and 
organic material. Wet cortical bone, for instance, is 
composed of 22 w/o organic material, 69 w/o mineral, and 9 
w/o water (Park, 1984). The organic material of bone 
consists of collagen fibers (90 - 96 w/o) and an amorphous 
ground substance containing glycosaminioglycans associated 
with proteins. The mineral constitution of bone has been 
determined to be chiefly crystals of an apatite of calcium 
and phosphate resembling the hydroxyapatite crystal 
structure [CaiQ(P04)g(OH)2]. The second major mineral phase 
present in bone is noncrystalline and is known as amorphous 
calcium phosphate. The apatite of bone is 
nonstoichiometric, and there is liberal solid substitution 
of bone mineral (Schraer, 1970). Other constituents present 
in the mineral of normal bones and teeth are ions such as 
citrate (CgHgO?^ ), carbonate (COg^ ), fluoride (F ), and 
hydroxyl (OH ). The theoretical molar Ca/P ratio of 
hydroxyapatite is 1.667 which corresponds closely to the 
1.656 value obtained for bone mineral (Halstead, 1974). 
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The apatite crystals appear as needles or elongated 
crystals 20 - 40 nm in length by 1.5 - 3 nm in thickness and 
are formed in the collagen fiber matrix (Park, 1984). It is 
believed that a layer of water is bound to the surface of 
the bone crystals. Through this layer, termed the hydration 
shell, the exchange of ions between the crystal and the body 
fluids occurs (Junqueira and Carneiro, 1983). 
Endosteum and periosteum are layers of connective 
tissue that cover the internal and external surfaces, 
respectively of bone. The primary functions of these 
connective tissues are to nourish the osseous tissue and 
supply new osteoblast cells. The osteoblasts lay down an 
organic matrix, the osteoid, and this subsequently becomes 
calcified with the deposition of amorphous and crystalline 
apatite. Special attention is given to endosteum and 
periosteum during bone surgery since bone surfaces not 
covered by these connective tissues or by osteoblasts are 
subjected to rapid resorption by osteoclasts (Junqueira and 
Carneiro, 1983). 
Macroscopically, there are two basic types of bone 
tissue in the mature skeleton: Hard, compact, or cortical 
bone which is characterized by dense areas without cavities; 
and spongy or cancellous bone, which is made up of a 
latticework of fine interlacing partitions (trabeculae) 
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which form cavities that contain red or fatty marrow. 
Histologically, the spongy bone trabeculae and compact bone 
have the same basic structure. In compact bone, mineral-
containing collagen fibers, which are parallel to each other 
and follow a helical course, are arranged into lamellas of 3 
- 7 /urn thick which are either parallel to each other or 
concentrically organized around a vascular canal. 
An osteon, also called an Haversian system, is a 
structure composed of concentrically organized lamellas of 
bone (4 to 20 in number) around a canal containing blood 
vessels, nerves, and loose connective tissue. The 
osteocytes in their lacunas are found typically between 
lamellas, and they communicate with each other through 
canaliculi that radiate from the lacunas. Nutrition and 
growth of compact bone is maintained through the canaliculi 
and Volkmann's canals (blood vessel containing canals which 
run perpendicular to and interconnect the Haversian canals 
and which transport metabolic substances). 
Bone remodeling includes the combined processes of 
resorption of older bone and formation of new bone. Bone is 
remodeled continuously in adult skeletons. Approximately 
3.5% of the total adult skeleton is being remodeled at any 
given time (Vaughan, 1981). 
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The factors controlling skeletal homeostasis are 
complex and not completely understood. Skeletal maintenance 
is affected by many hormones. Mechanical stress is one of 
the external factors involved in maintaining skeletal 
homeostasis. Bones not functionally stimulated are reduced 
by resorption. Nonphysiological pressures and inflammation 
near or within the bone can cause bone to resorb. 
Teeth and associated structures 
All teeth are composed of two portions; a portion that 
projects above the gingiva (or gum) called the crown and a 
root below the gingiva which holds the tooth in a bony 
socket (the alveolus). Deciduous (or primary) teeth are 
gradually replaced by permanent teeth, and both types of 
teeth are similar in structure and composition. 
Teeth are composed of three mineralized portions and a 
nonmineralized portion (Figure 1). The mineralized portions 
include the enamel, dentin, and cementum; and the 
nonmineralized portion is the pulp. The periodontal 
membrane, which is a collagenous fibrous structure, 
surrounds the cementum of the root and fixes the tooth 
firmly into its bony socket. The teeth are maintained in 
the mandibular and maxillary bone by the following 
structures: The cementum, periodontal ligament, alveolar 
bone, and the gingiva (Junqueira and Carneiro, 1983). 
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Crown 
Odontoblasts 
Enamel 
Lines of Retzius 
Dentin 
Secondary cuticle 
Alveolar bone 
My Root canal 
Periodontal membrane 
Gingiva 
Cementum 
Root orifice 
FIGURE 1. Sagittal section of an incisor tooth in the 
mandible (Junqueira and Carneiro, 1983) 
Mineralized tissues Enamel, which is the hardest 
tissue in the body, is over 95% mineral. The mineral in 
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enamel is characterized by well-developed crystals of a 
calcium phosphate resembling hydroxyapatite in 
crystallographic structure. The organic matrix of enamel is 
mainly composed of a protein rich in proline. Ameloblasts 
secrete enamel matrix which subsequently becomes 
mineralized. The final function of the ameloblasts is to 
form the enamel cuticle which covers the external surface of 
the enamel (Junqueira and Carneiro, 1983). 
Dentin is similar to bone in composition but is harder 
than bone due to its higher mineral content and lack of 
cells. Dentin consists of collagen, glycosaminoglycans, and 
mineral (80% dry weight). The mineral in dentin and 
cementum consists of a crystalline apatitic phase and 
amorphous calcium phosphate as in bone. The apatitic 
crystals in bone, dentin, and cementum are smaller than 
those in enamel (Schraer, 1970). Odontoblasts synthesize 
the dentin organic matrix which becomes mineralized by the 
deposition of calcium salts in globules. 
The mineralized tissue cementum, which surrounds the 
dentin of the root, also has a composition similar to bone 
but contains no blood vessels or Haversian systems. 
Cementocytes in lacunae are present near the apical portion 
of the roots, and cememtum is continuously produced 
(Junqueira and Carneiro, 1983). 
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The alveolar bone, whose function is to support the 
teeth, consists of two different types of bone. The first 
type of bone is a dense, thin plate that lines the dental 
alveolus. The dental alveolus is an indentation of the jaw 
bone in which the root is immovably inserted. This thin 
plate of bone is known as the alveolar bone proper or the 
lamina dura. The second type of alveolar bone, known as the 
supporting bone, is located between the alveolar bone proper 
plates and between them and the external bone plate of the 
jaws. The supporting bone consists of trabecular cancellous 
bone (Kronfeld, 1937). 
Gingival tissues Bound to the periosteum of the 
mandibular and maxillary bone is the mucous membrane 
gingiva. It is composed of connective tissue fibers, the 
lamina propria gingivae, and a covering of keratinized 
stratified squamous epithelium. The gingival anatomical 
landmarks include the free gingival margin, gingival sulcus, 
sulcular epithelium, and the epithelial attachment 
(junctional epithelium). 
The margin where the gingivae end and the teeth become 
visible is called the free gingival margin as seen in Figure 
2. The gingival sulcus is the space between the free 
gingiva and the tooth and is two to three mm in depth in 
healthy tissues (Grove, 1985). From the free gingival 
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margin to the epithelial attachment extends the sulcular 
epithelium which covers subgingival tissues in a healthy 
animal. The migration of leukocytes and gingival fluid 
through the sulcular epithelium is a protective mechanism 
for the subgingival tissues (Grove, 1985). 
Enamel 
Gingiva 
Junctional 
Epithelium 
Dentin 
Mucosa 
Bone 
FIGURE 2. Diagram of oral epithelium 
The epithelial attachment of the gingiva to the tooth 
begins at the enamel surface of the tooth in the young and 
gradually falls below the cemento-enamel junction in adults 
The tooth surface crownward from the bottom of the sulcus i 
subjected to the bacteria, fluids, and other influences of 
the oral environment. The tooth surface below this point i 
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protected from the hostile oral environment of bacteria and 
other inflammation-producing agents. The junctional 
epithelium is only a few cell layers thick and 0.5 - 1.5 mm 
in occlusal-apical width in humans (James and Schultz, 
1974). 
Structures called hemidesmosomes, which are associated 
with a basal lamina, have been identified as being involved 
in the attachment of junctional epithelium to tooth enamel 
(Lavelle, 1981). Many investigators believe the success of 
endosseous dental implants is dependent on the integrity of 
the epithelial attachment or "biological seal" at the soft 
tissue-implant interface (Hottel and Gibbons, 1982; Lavelle, 
1981; and McKinney et al., 1985). According to James 
(1979), the tooth's defense against invasion of bacteria 
from the oral environment is two fold: 
• hemidesmosome mediated attachment of the 
junctional epithelium to the tooth surface through a 
polysaccharide cement, which is supported by 
• periodontal ligament fibers extending into the 
root cementum. 
Periodontal ligament The periodontal membrane, 
which consists of a network of collagenous connective tissue 
fibers, is responsible for the ligamentous suspension of a 
tooth. It occupies the space between the tooth root and the 
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bone (Figure 1). The fibers of the membrane penetrate the 
cementum of the tooth and bind it to the alveolar bone. The 
embedded portions of the fibers are called Sharpey's fibers. 
The periodontal fibers are aligned to support the pressures 
exerted during mastication. By supporting these exerted 
pressures, the ligament prevents direct transmission of 
pressure to the bone thereby preventing localized resorption 
(Junqueira and Carneiro, 1983). 
Buch et al. (1974) found that the periodontal membrane 
acts as an effective shear transfer layer between the tooth 
and alveolus and minimizes stress concentrations in the 
alveolus. Wills et al. (1980) described the functions of 
the periodontal ligament as being the following: to 
dissipate and transmit loads applied to the natural teeth, 
to be a source of the elements needed for growth and repair 
of alveolar bone and cementum, to keep the tooth in 
position, and to perceive stimuli. 
Overview of Endosseous Dental Implants and Tooth Root 
Implants 
Definitions, environment, and requirements 
Endosseous dental implants penetrate the alveolar bone 
and protrude into the oral cavity, whereas tooth root 
endosseous implants consist of only the bone penetrating 
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root. An extensive amount of research has been conducted on 
endosseous implants since approximately 1950 (Grenoble and 
Voss, 1976). 
The endosseous dental implant is subjected to an 
extremely hostile mechanical-physiological-microbiological 
environment, and this environment has been given the blame 
for the relatively low success of these implants compared to 
other types of surgical implants (Williams, 1981a). 
Compressive forces of up to 850 N are experienced by teeth 
(Park, 1984). After studying chewing sequences of human 
subjects to determine the response of the normal tooth to 
loading. Wills et al. (1980) found a mean loading rate of 
100 N/s could be calculated with a mean masticatory 
frequency of 70/min. The microbiological environment of the 
oral cavity subjects endosseous dental implants to attacks 
on the soft tissue and underlying bone by bacteria. 
According to Grenoble and Voss (1976), five fundamental 
requirements that must be met to obtain reliable and safe 
long-term function of endosseous implants are the following; 
• to be composed of materials that do not 
chemically irritate the tissues or induce resorption of 
the supporting bone, 
• to be composed of materials that can maintain 
their mechanical properties for many years in the oral 
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environment due to sufficient corrosion resistance to 
physiological and oral fluids, 
• to develop an effective bacterial seal between 
the implant and mucosal tissues, 
• to possess an implant design that allows the 
implant to be retained and to be stable under 
masticatory forces by providing a means of mechanically 
locking the implant within the supporting tissues, and 
• to possess a design that transmits stresses to 
supporting tissues in a physiologically tolerable 
manner. 
The bony and soft tissue response to endosseous dental 
implants, designs of implants, and materials studied for use 
as endosseous implants will be discussed. 
Tissue response 
The ideal tissue response to an endosseous dental 
implant according to Williams (1981a) is the following: 
• the presence of adequate bone to stabilize the 
implant, 
• the presence of an epithelial seal, 
• no infection, and 
• control of tissue proliferation around the 
implant. 
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Four different types of tissue response to an endosseous 
dental implant were discussed by Williams (1981a). The 
first response is the formation of a fibrous tissue capsule 
with collagen fibers arranged parallel to the surface of the 
implant. This capsule does not behave as a periodontal 
ligament. Some researchers have described this type of 
response to endosseous dental implants as "walling off" of 
the implant (Piliero et al., 1973). The second case 
includes the formation of a somewhat functioning pseudo-
periodontal membrane in which the collagen fibers orient 
themselves such as Sharpey's fibers. This would be an ideal 
situation. James (1975) reported evidence of a dynamic, 
functional, hammock-like suspensory ligament around 
endosseous dental implants. The third type of tissue 
response to endosseous dental implants is bony ankylosis. 
There is only bony apposition to the implant in this type of 
response. The last response is epithelial downgrowth that 
has progressed to the point where the entire implant is 
surrounded by epithelial tissue. This last case has the 
worst prognosis since the implant has neither resistance 
from infection nor mechanical stability. These bony and 
soft tissue responses will be discussed in detail. 
Achievement of bony ankylosis is regarded as a 
satisfactory condition (Williams, 1981a). Many researchers 
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have attempted to produce porous-surfaced implants in order 
to encourage bony ingrowth or fibrous tissue ingrowth 
depending on the desired tissue/implant interface (Peterson 
et al., 1979; Peterson et al., 1980; and Klawitter et al., 
1977). Based on the work done by Klawitter and Hulbert 
(1971), interconnected pore sizes of 20 to 40 /um are 
restrictive to bone ingrowth but allow fibrous tissue 
ingrowth, whereas interconnected pores of approximately 100 
m in diameter allow bone ingrowth. The 100 m diameter 
pores allow for the establishment of blood vessels inside of 
the pores which is essential for the nourishment of the 
newly formed bone. 
Not all of the attempts to produce healthy fibrous 
tissue and bony ingrowth have been encouraging. Klawitter 
et al. (1977) reported the results of porous rooted alumina 
dental implants in dogs. They reported failures of all of 
the implants in less than 6 months post-implantation. This 
failure was attributed to the presence of microporosity on 
the crown and neck portion of the implant. This 
microporosity was believed to prevent the establishment of a 
biological seal between the oral cavity and the underlying 
bone. 
Fibrous tissue encapsulation has been correlated to the 
relative motion of the implant immediately post-insertion. 
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Researchers were led to splinting implants to adjacent teeth 
or placing temporary crowns out of occlusion to try to avoid 
relative implant motion and subsequent fibrous tissue 
encapsulation (Williams, 1981a). Tooth root endosseous 
implants were also developed in order to avoid the fibrous 
tissue encapsulation phenomenon caused by implant motion. 
The tooth root is buried in a modified extraction socket or 
a healed extraction site in order to allow the healing of 
the tissue around the root to take place in a protected 
environment (Janikowski and McGee, 1969). After the healing 
is complete and bony ankylosis is attained, a post and a 
crown are attached to the implant. Only at this stage is 
the implant subjected to the stresses of functional loading 
and the oral environment. 
Design 
The factors that have traditionally influenced implant 
design are shape and size limitations dictated by anatomic 
considerations, the need for implant retention and 
immobilization, and the desirability of simple restorative 
and surgical procedures (Grenoble and Voss, 1976). Many 
different designs of endosseous dental implants have been 
proposed with the idea of achieving immediate stabilization. 
Some of the designs reported by Grenoble and Voss (1976) 
included spiral, self-tapping screws, screw vent, and blade-
vent implants (Figure 3). Atmaram et al. (1979) studied the 
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effects of elastic parameters and geometry on the stress 
distribution within and around ankylosed single-tooth 
implants using finite element analysis. They found that 
stress concentrations were generated by elastic mismatch at 
the bone/implant interface, and that a cylindrical geometry 
was better than a tapered geometry at reducing high stresses 
in the implant and surrounding bone. 
W 
FIGURE 3. Spiral, self-tapping screws, screw vent, and 
blade vent implant designs 
Materials 
Resistance to corrosion is crucial to the survival of 
an endosseous dental implant. Corrosion of dental implants 
can occur from the reaction of saliva with the implant 
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materials (particularly metals) or from the reaction of 
physiological fluids below the junctional epithelium with 
the materials. The resulting degradation in mechanical 
properties of the implant material caused by corrosion can 
lead to the eventual failure of the implant. The corrosion 
products can also lead to implant failure. The irritation 
of the tissues which support the implant by the corrosion 
products can cause the biological breakdown of these 
tissues. Inflammatory processes and foreign body rejection 
processes which can be stimulated by the corrosion products 
cause this biological breakdown (Grenoble and Voss, 1976). 
Different materials that have been studied as 
endosseous tooth implants based on biocompatibility and 
material properties include the following: cobalt-chromium-
molybdenum alloy, polymethylmethacrylate, bioglass, calcium 
phosphates, tricalcium phosphate/spinel composite, 
polycrystalline alumina, single-crystal alumina, titanium, 
titanium-aluminum-vanadium alloy, pyrolytic carbon, and 
vitreous carbon (Park, 1984; Williams, 1981b; Denissen and 
de Groot, 1979; Kent et al., 1986; Janikowski and McGee, 
1969; Hench and Wilson, 1984; and McCoy, 1980). 
Peterson et al. (1980) studied porous rooted cobalt-
chromium-molybdenum alloy dental implants in dogs. Over a 
two year period, they rated 33% of the implants to be 
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successful by clinical and histological criteria that they 
had established. There was ingrowth of bone and soft tissue 
into the porous alloy and this ingrowth was shown to be an 
effective retention mechanism. Failures were attributed to 
an excess loss of buccal cortical bone during implantation 
and bacterial invasion of the soft tissue/implant interface. 
Porous rooted polymethylmethacrylate dental implants 
have also been studied in dogs by Peterson et al. (1979). A 
success rate of 58% (by their criteria) was attained using 
this material as a dental implant. Bone and fibrous tissue 
were found to grow into pores of the appropriate size in 
this material. Failures of this implant were attributed to 
the mechanical weakness of polymethylmethacrylate, injury of 
the implant-mucosal interface, and a thin buccal cortical 
plate. 
Bioglass, a Si02/Ca0/Na20/P205 glass, has also been 
investigated as a material for tooth implants. Bonding of 
the glass to bone is achieved through surface dissolution of 
the bioglass (Hench and Wilson, 1984). However, the 
brittleness of this glass has limited its experimental 
applications mainly to coatings. 
The materials that were implanted into dogs as 
endosseous implants in this study (tricalcium 
phosphate/spinel composite, single-crystal sapphire. 
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titanium-aluminum-vanadium alloy, and pyrolytic carbon) and 
closely related materials (calcium phosphates, 
polycrystalline alumina, titanium, and vitreous carbon) will 
be discussed below. 
Ceramics, Metals, and Carbons as Endosseous Tooth Implants 
Calcium orthophosphates 
The similarity of calcium orthophosphates (calcium 
phosphates) in composition to bone mineral led researchers 
to study these materials for hard tissue replacements, and 
their resulting biocompatibility has kept the' level of 
interest in these materials as bone implants high (Jarcho et 
al., 1976). The chemical and mechanical properties of 
calcium orthophosphates will be covered first, and these 
will be followed by studies on the biocompatibility of two 
of the most widely researched calcium orthophosphates; 
hydroxyapatite and tricalcium phosphate. 
Chemical properties The phosphorus atom is 
tetrahedrally coordinated to oxygen atoms in the crystal 
structures of orthophosphates (Corbridge, 1985). The 
calcium orthophosphates are all very insoluble with the 
exception of the monocalcium phosphates. Table 1 is a list 
of known compounds in the Ca0-P205-H20 system and their Ca/P 
ratios (Corbridge, 1985). This table does not include the 
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two calcium orthophosphate compounds rich in P2O5; CaP^Oii, 
and Ca2P60l7' The solubilities of calcium orthophosphates 
depend upon the pH, and reactions involving these compounds 
are often slow in completion. The order of insolubility in 
neutral or alkaline solutions is the following: 
hydroxyapatite > whitlockite > octacalcium phosphate > 
monetite > brushite > monocalcium phosphate (Corbridge, 
1985). The solubility constant of hydroxyapatite is said to 
be given by the following equation (VanWazer, 1958); 
K250 = [Ca^"^]^°[P04^"]^[0H"]^ = lO'llS 
The hydroxyapatite crystal structure is basically 
hexagonal. Columns of Ca** coordinated with oxygens from 
the orthophosphate tetrahedra form the walls of channels 
running parallel to the hexagonal axis. Inside these 
channels lie the OH groups (Corbridge, 1985). The unit cell 
dimensions of hydroxyapatite are a=9.423 Â and c= 6.875 À. 
Hydroxyapatite can also be written as 3Ca3(PO4)2'Ca(OH)2• 
This representation of the composition relates directly to 
the Ca(0H)2*Ca3(P04)2*CaC03'CaF2 phase diagram (Figure 4). 
Non-stoichiometry of prepared hydroxyapatites is not 
uncommon, and has been attributed to vacant lattice 
positions, surface substitution or adsorption, and lattice 
isomorphous substitution (Corbridge, 1985). The crystal 
lattice of hydroxyapatite remains stable until around 
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TABLE 1. Compounds in the CaO-P205-H20 system 
Formula Ca/P ratio Name 
Ca{H2P04)2 0. 5 Monocalcium phosphate 
Ca(H2P04)2H20 0. 5 Monocalcium phosphate monohydrate 
CaHPO* 1. 0 Monetite (Dicalcium phosphate) 
CaHP04•I/2H2O 1. 0 Dicalcium phosphate hemihydrate 
CaHPO4-2H20 1. 0 Brushite 
a~Ca2(PO4)2 1. 5 a-tricalcium phosphate 
/^"Cag ( PO4 ) 2 1. 5 Whitlockite 
Caio(P04)6(OH)2 1. 67 Hydroxyapatite (Hydroxylapatite) 
Ca2P04(0H)2H20 2. 0 Hydroxyspodiosite 
CagH2(PO4)g•5H2O 1. 33 Octacalcium phosphate 
Ca4P20g 2. 00 Tetracalcium phosphate 
1000°C. Dehydroxylation of hydroxyapatite has been shown to 
occur above 900°C, and the structure left was considered to 
be an oxyhydroxyapatite with the following formula: 
Caio(P04)g(OH)2-2x®x"x (•=vacancy, x<l). The vacancies were 
located on hydroxyl sites (Kijima and Tsutsumi, 1979). 
Krajewski et al. (1984) fired hydroxyapatite tablets to 
1250°C, and found a sudden inversion and corresponding 
decrease in strength at 1230°C. Decomposition of 
hydroxyapatite is complete between 1400°C and 1500°C 
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FIGURE 4. Ca(OH)p'Cao(POa)9-CaCOo'CaFo phase'diagram 
(WylliS, 1967) 
(Newesely and Osborn, 1980; Corbridge, 1985; and Peelen et 
al., 1978). The normal thermal decomposition of 
hydroxyapatite is the following: 
Cajg (PO^ ) g (OH) 2 ZCagP^Og + Ca4P20g + H2O 
The main constituent of bone mineral is generally 
assumed to be hydroxyapatite, but is has been estimated that 
brushite (CaHP04•2H2O) and octacalcium phosphate 
[Ca8H2(PO4)g•5H2O] are present in the amount of 10±10% 
depending on the age of the bone and the particular bone 
measured (Muenzenberg and Gebhardt, 1973), A dynamic 
equilibrium that exits between octacalcium phosphate. 
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brushite, and apatite in bone mineral according to 
Muenzenberg (1969) is the following; 
Ca + PO4 in serum 
brushite •it octacalcium phosphate 
apatite 
Tricalcium phosphate [Ca3(P04)2] is located at the 3:1 
ratio in the CaO-P205 phase diagram (Figure 5). The low 
temperature form of tricalcium phosphate [/3-Ca3(PO4)2] is 
identical to the mineral whitlockite, and is 
thermodynamically stable to approximately 1180°C where the a 
phase appears. Another polymorphic transformation occurs at 
1430° C to the a' phase. These phase transformations occur 
in the absence of water. Tricalcium phosphate is not stable 
in the presence of water according to the following 
reaction: 
HgO + 4Ca3(P04)2 CaiQ (PO4 ) g (OH) 2 + 2Ca++ + 2HPO4"" 
It reacts with water to form an apatite with lattice 
defects, and therefore it has been reasoned that powders 
with a Ca/P ratio of 1.5 in equilibrium with water should be 
considered to be defective apatites (de Groot, 1980; 
Newesely, 1977). Tetracalcium phosphate is also reported to 
be hydrolyzed to form hydroxyapatite according to the 
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following reaction reported by Corbridge (1974) and Newesely 
(1977): 
3H2O + SCaaP^Og -» Caio(P04)6(OH)2 + 2Ca** + 40H" 
2000 
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Liquid 
leoo 
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ZCaO aPgOb 
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40 20 
CaO 
FIGURE 5. Ca0-P205 phase diagram (Levin et al., 1964) 
29 
An hypothesis that has arisen from this apparent 
conversion of calcium phosphate salts (with Ca/P ratios from 
1 to 2) in water (and also in physiological fluid) to 
surface defective apatites is that there should be no 
biological difference at the interface of these calcium 
phosphate salts and that different Ca/P ratios cannot 
explain biological differences (de Groot, 1980). 
Mechanical properties Long term loading of most 
ceramics with a sub-critical tensile load leads to fracture 
of the specimen, and this phenomenon is known as static 
fatigue failure. The mechanism of this failure is believed 
to be small cracks which continue to grow under this 
continuous tensile loading. A humid environment accelerates 
the growth of these cracks under this type of loading. A 
small crack growth equation reported by de Groot (1984) is 
the following: lnln(l/Pg) = C + [m/(n-2)]lntg + mlna^ where 
m = Weibull factor, n = constant which determines the 
ceramic's susceptibility to fatigue failure and Pg = 
fraction of samples surviving a tensile load applied 
during a time t. De Groot (1984) obtained values of m = 
10-12 and n = 12 for calcium phosphates in a dry 
environment. In general, values on the order of n = 100 are 
indications of good resistance towards fatigue failure 
whereas values on the order of n = 10 indicate serious 
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fatigue failure problems. The n value obtained for calcium 
phosphates by de Groot (1984) indicates that these materials 
are susceptible to fatigue failure in a dry environment, and 
this failure would be greatly accelerated in a physiological 
environment (a humid environment). 
Various mechanical properties of hydroxyapatite, 
tricalcium phosphate, bone, and teeth are given in Table 2 
for comparison purposes. The strength of ceramics and other 
materials depends on several variables such as grain size, 
porosity, size of the specimen tested, presence of flaws, 
thermal treatment, and so on (Kingery et al., 1976). It has 
been shown experimentally that the strength of the material 
decreases nearly exponentially with porosity (Figure 6). 
Factors that influence the strength of bone and teeth 
are the direction of the applied load in relation to the 
sample, the mode of the applied load (rate of loading, type 
of test, etc.), and humidity (Park, 1984). For instance, 
Yamada (1970) has reported experimental results showing that 
wet bone has a lower modulus of elasticity than air-dried 
bone. 
Biological response The majority of animal studies 
on calcium orthophosphate implants has been conducted on 
either hydroxyapatite or tricalcium phosphates. The 
biocompatibility, biodégradation, and osteogenicity of the 
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FIGURE 6. Porosity effect on the fracture strength of 
ceramics (Kingery et al., 1976) 
calcium phosphates have been studied with many variations in 
results. This variation has been attributed to lack of 
understanding of the calcium phosphate system and casual 
preparative techniques or the use of "reagent grade" 
starting materials, which ultimately has led to calcium 
phosphate biomaterials with variable crystal structures and 
chemical compositions (Jarcho, 1981). 
Biocompatibilitv Generally the a and /J phases 
of tricalcium phosphate and hydroxyapatite have been shown 
to be biocompatible (Jarcho et al., 1977; Cameron et al., 
1977; and Hubbard, 1974). An exception to this 
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TABLE 2. Mechanical properties of hydroxyapatite (HA), 
tricalcium phosphate (TCP), bone, and teeth 
Material Density 
(g/cm^) 
Compressive 
strength 
(MPa) 
Tensile 
strength 
(MPa) 
Elastic 
modulus 
(GPa) 
Enamel® 2.2 241 48 
u. 
Enamel 2.96 400 77.9 
Dentin® 1.9 138 13.8 
Compact® 
bone 
3.0^ 167 121 17.2 
Cancellous^ 
bone 
1.86 0.0883 
Dense HA® 3.I39C 917 196 34.5 
Dense HA^ 3.1 376 121 
Dense TCP^ 3.14 687 154 33 
Bpark, 1984. 
'^Rootare et al., 1978. 
^Kijima and Tsutsumi, 1979. 
^Yamada, 1970. 
®Jarcho et al., 1976. 
^Jarcho et al., 1979. 
biocompatible behavior was found by Semmelink et al. (1986) 
who reported the formation of granulomas and presence of 
plasma cells in response to /3-whitlockite implanted 
subcutaneously in rats. 
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Jarcho (1981) stated that the biocompatibility of 
calcium phosphate biomaterials has been shown to be 
relatively insensitive to chemical composition and crystal 
structure. A highly attractive basic biological profile 
apparently generic to all calcium phosphate biomaterials has 
emerged according to Jarcho (1981) and includes the 
following characteristics: 
•no inflammatory or foreign body response, 
•no local or systemic toxicity, 
•no fibrous tissue intervening between the 
implant and bone, and 
•an apparent direct bone bonding capability. 
A possible explanation for this attractive profile proposed 
by Janikowski and McGee (1969) and Jarcho (1981) was that 
these biomaterials are composed of the same ions (Ca and P 
ions) that are in bulk bone. One group, using transmission 
electron microscopy in combination with electron diffraction 
and electron microprobe analysis, observed bone crystals 
deposited directly onto a hydroxyapatite implant (Jarcho et 
al., 1977). Others have qualitatively described this bone 
bonding as the inability to loosen calcium phosphate 
implants from the surrounding bone without destroying the 
implant or the bone and by the fact that this loosening 
rarely occurs at the interface (Denissen and de Groot, 
1979). 
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McGee (1971) implanted calcium phosphate/spinel 
specimens with varying calcium to phosphorus ratios 
subcutaneously in dogs. After sixteen days in vivo high 
phosphorus (Ca;P = 1:2) and high lime (Ca:P = 4:2) specimens 
were surrounded by capsules that contained chronic 
inflammatory cells. The tricalcium phosphate (Ca:P = 3:2) 
specimens were surrounded by capsules that contained few 
inflammatory cells. 
Osteoqenicitv It is generally agreed that 
calcium phosphate implants are "osteoconductive" or 
"osteophilic" rather than "osteoinductive" since these 
biomaterials have been shown to display bone growth guiding 
properties causing bone growth into areas that would 
normally remain devoid of bone (Jarcho, 1981). Traditional 
bone induction models have shown that calcium phosphate 
ceramics do not induce bone formation, and are therefore not 
osteoinductive (MacDavid et al., 1979; Winter et al., 1981; 
and Semmelink et al., 1986). MacDavid et al. (1979) found 
that porous tricalcium phosphate material implanted 
subcutaneously in rats failed to induce bone formation, but 
marrow-coated implants were osteoinductive indicating that 
tricalcium phosphate was a good vehicle for osteogenic 
marrow. Calcium phosphate ceramics are generally agreed to 
be not as effective as autologous bone grafts in increasing 
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and maintaining bone (Strub et al., 1979 and Winter et al., 
1981), but to be superior to other foreign materials. 
Bioresorption Bioresorption rates of calcium 
phosphate biomaterials have been a subject of intense 
interest in the biomaterials research field. Researchers 
have strived to control the rate at which these materials 
resorb in order to meet the biological demands of the 
intended implantation site. For example, requirements for 
tooth root implant materials would include nonresorbability, 
but material requirements for periodontal defects could 
accommodate controlled resorbability with accompanying bone 
growth. 
There is not universal agreement on the degradation of 
calcium phosphate salts. Some researchers report that 
hydroxyapatite ceramics do not degrade while tricalcium 
phosphate ceramics do (Griffiths, 1985). Others report that 
the degradation of the materials is a matter of degree with 
/3-whitlockite materials being more resorbable than 
hydroxyapatite materials (Klein et al., 1985). Still others 
have reported finding the same degradation rates for 
/3-whitlockite as they found for hydroxyapatite (van 
Blitterswijk et al., 1986). 
Jarcho (1981) stated that bioresorption of calcium 
phosphate implants needs to be viewed from not only the 
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crystal/chemical composition of the implants, but from their 
structure as "materials." In addition, it is generally 
assumed that cell-mediated processes (phagocytosis) and 
solution-mediated processes (implant dissolution in 
physiologic solutions) are the existing biologic resorption 
pathways. Evidence in support of the crystal/chemical 
composition argument of bioresorption was reported by Jarcho 
(1981). This group found dissolution rates in acid and 
basic media to be directly proportional to tricalcium 
phosphate content when they compared similar microstructures 
of hydroxyapatite and tricalcium phosphate ceramics (100% 
dense, 100% pure). 
Material factors such as surface area are also 
important considerations when studying dissolution rates of 
solid materials. Some researchers believe that 
microporosity is a controlling factor in biodégradation of 
calcium phosphate ceramics (Klein et al., 1985 and de Groot, 
1980). Micropores are the holes left in a ceramic when 
particles fail to fuse completely during sintering, and are 
on the order of 5 jum or less. Pores several hundreds of 
microns in size are called macropores, and these pores allow 
bony ingrowth. Ceramics can contain both types of porosity. 
Klein et al. (1986) found in a comparative study of 
/3-whitlockite ceramics with various microporosities that 
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greater amounts of micropores caused a higher degradation 
rate. 
De Groot (1980) stated that all calcium phosphate 
materials are degradable, but microporosity determines this 
degradation rate. He explained degradation of these 
materials as taking place in two steps: 
•a release of individual particles by a 
physicochemical interaction with body fluids, and 
•ingestion of these particles by phagocytosing 
cells. 
The rate of release of particles was reasoned to be 
dependent on microporosity. In a later paper published by 
de Groot (1984), biodégradation was generally concluded to 
be determined by implant surface properties which were 
stated to be influenced by the available surface 
(macroporosity), microporosity, and the solubility rate of 
the neck material (the area where a particle is connected to 
another particle). 
Spinel and tricalcium phosphate/spinel composite 
Properties Normal MgAl204 spinel consists of a 
face-centered cubic close packing of oxygen ions with Mg*^ 
ions on tetrahedral sites and A1 ions on octahedral sites. 
In the unit cell of 32 oxygen ions, 8 out of 64 available 
+ 2 
tetrahedral interstices are occupied by Mg ions and 16 out 
of 32 available octahedral interstices are occupied by Al^^ 
ions lending this structure to liberal substitutions 
(Kingery et al., 1976). MgAl204 spinels have an extremely 
low solubility in aqueous solutions, and the hydration 
products Mg(0H)2 and AlfOH)^ are mild and tolerated by body 
tissues. 
Janikowski and McGee (1969) first suggested the use of 
the composite MgAl204 and 033(904)2 for artificial bones or 
teeth. The term osteoceramic was used by McGee and Wood 
(1974) to describe ceramic materials based on mixtures of 
calcium phosphate and MgAl204 for permanent implantation in 
osseous material. The term osteoceramic will be used to 
describe the tricalcium phosphate/spinel composite implanted 
as endosseous implants in this project. There are many 
advantages to compounding MgAl204 with €33(204)2. The 
spinel, being very insoluble in aqueous solutions and 
stronger than €33(204)2, adds strength and longevity to this 
composite in aqueous solutions. This composite does not 
contain intermediate compounds, but consists of two phases 
(McGee and Wood, 1974). Values of various properties of 
spinel and fluorapatite/spinel composite are given in Table 
3. 
Biocompatibility The biocompatibility of disk-
shaped spinel implants in the paraspinalis muscle of rabbits 
was found to be very favorable with typically a thin fibrous 
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TABLE 3. Mechanical properties of spinel and 
fluorapatite/spinel composite 
Property Spinel® Spinel^ Fluorapatite/spinel^ 
composite 
Density (g/cm^) 3.41 
Modulus of 165.7 89.57 116.4 
Rupture (MPa) 
Elastic 200.5 237.7 
modulus (GPa) 
^Bailey and Russell, 1969. 
^Kingery et al. (1976); sintered, ca. 5% porosity. 
^Aksaci, 1981. 
capsule of uniform thickness forming around the implant and 
no evidence of an inflammatory response (Richardson et al., 
1975). The spinel implant was found to decrease in weight 
by 0.4% over a 4 month implantation period. Karagianes et 
al. (1974) found porous Ti-6A1-4V alloy, alumina porcelain, 
and magnesium aluminate spinel implanted as dental anchors 
in swine to show excellent hard tissue biocompatibility with 
little difference in tissue ingrowth and no inflammatory 
response. 
Subcutaneous implantation of the Ca3(P04)2/MgAl204 
composite revealed no harmful reactions (Janikowski and 
McGee, 1969). Implantation of an equimolar mixture of 
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€83(904)2 and MgAl204 in the form of tooth roots in the 
mandible and maxilla of dogs showed an acceptable tissue 
response and resulting strong attachment of bone to the 
prosthesis (McGee and Wood, 1974). Aksaci (1981) tested a 
porous composite of fluorapatite [Ca^g(PO4)6^2^ and MgAl204 
spinel as a bone bridge in dogs and found extensive bone 
ingrowth into the composite. 
Aluminum Oxide 
Properties Highest purity commercial alumina is 
99.7% AI2O3 and has the crystal structure of corundum. 
Alumina has a very high corrosion resistance and a high wear 
resistance (Griss and Heimke, 1981). Table 4 compares 
various properties of single crystal alumina and 
polycrystalline alumina. The crystal structure and hardness 
of the single-crystal and polycrystalline aAl203 materials 
reported in Table 4 are identical to those of the natural 
gem sapphire. The identical nature of this particular 
0AI2O3 to sapphire has led to the use of the common names 
single-crystal sapphire and polycrystalline sapphire for 
these 0AI2O3 materials. In this study, the single-crystal 
sapphire endosseous dental implant Bioceram® developed by 
Kyoto Ceramic Company was implanted into dogs, and has 
values for various mechanical properties identical to those 
reported in Table 4. 
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TABLE 4. Mechanical properties of single-crystal aAl203 and 
polycrystalline aAl203 
Property Single-crystal 
0AI2O2 (sapphire) 
Bioceram® 
Polycrystalline 
0AI2O3(sapphire) 
Compressive 
strength (GPa) 
2.94 2.94 
Tensile 
strength (GPa) 
1.28 0.37 
Elastic 
modulus (GPa) 
392 373 
^Yamane et al., 1979. 
Biocompatibilitv High purity alumina has been 
proposed as a dental implant in the polycrystalline form, 
single crystal form, with and without porosity, and textured 
and nontextured (Weinstein et al., 1981; Yamane et al., 
1979; and Klawitter et al., 1977). Yamane et al. (1979) 
found both high purity single-crystal alumina and 
polycrystalline alumina dental implants to cause little 
inflammation, to be very stable in a physiological 
environment, and to be tightly surrounded by cortical bone. 
They found the single-crystal alumina implants to have a 
greatly improved flexural strength as compared to the 
polycrystalline alumina implants. 
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The McKinney, Koth, and Steflik group have conducted 
numerous studies on the single-crystal sapphire endosseous 
dental implant Bioceram® developed by Kyoto Ceramic Company 
(McKinney et al., 1982a; Koth et al., 1983; McKinney et al., 
1984; and McKinney et al., 1985). This group has studied in 
great detail the material characteristics and 
biocompatibility of this implant. This implant is 
ultrapolished to present a desirable surface to the 
epithelial cells and encourage the formation of a 
"biological seal." This group's results from a two year 
longitudinal experimental animal study of Bioceram® dental 
implants showed the implant to be well tolerated clinically, 
to be compatible with bone and soft tissue (cause little 
inflammation), and to function successfully during 
occlusion. 
This same group also reported on one year results from 
human clinical trials of Bioceram® dental implants. They 
reported a 91% success rate of distal abutments for fixed 
prostheses in the posterior mandible. Transmission electron 
microscopic studies of the soft tissue interfacing the 
Bioceram® dental implants were conducted by McKinney et al. 
(1985). In this study they found ultrastructural evidence 
of an attachment complex between the gingiva and 0AI2O3 
implants. 
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Pedersen (1979) conducted a study of porous coated 
dense alumina tooth root implants in monkeys. The implants 
consisted of a solid alumina core with a 1/2 mm thick porous 
alumina coating. Out of ten implants placed, 7 implants 
were retrieved for histologic and microradiographic analysis 
over a period of 4 months. No adverse tissue reaction was 
found, and fibrous and mineralized tissue grew into the 
pores which were 50 to 200 ixm in diameter. These studies, 
among others, clearly demonstrate the tissue acceptance of 
alumina ceramic. 
Titanium and titanium/6% aluminum/4% vanadium alloy 
Properties Titanium can be used over a wide range 
of temperatures, and has a useful range of mechanical 
properties. This metal, which is 60% the weight of steel, 
is readily manufactured into most shapes, and has an 
exceptionally high corrosion resistance. The relatively 
high cost of titanium is a major disadvantage of this 
material (Williams, 1981b). 
The density of titanium is 4.505 g/cm^ at 25°C. The 
density of the titanium/6% aluminum/4% vanadium alloy 
(Ti-6A1-4V) is very close to that of pure titanium since 
aluminum is a lighter element and vanadium is just a little 
heavier than titanium (Williams, 1981b). The two crystal 
structures of titanium are the low temperature a form which 
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is a close-packed hexagonal structure and the high 
temperature body centered cubic /3 form which is stable above 
882.5°C. Alloying titanium tends to stabilize either the a 
phase or the (3 phase. Elements that are more soluble in the 
close-packed hexagonal structure would stabilize the a phase 
whereas elements more soluble in the body center cubic 
structure would stabilize the p phase. Aluminum is an a 
stabilizer and vanadium is a /3 stabilizer. In practice 
Ti-6A1-4V alloy is a mixture of the two phases although 
depending on the thermal treatment of the alloy different 
microstructures can be attained. 
Values for various mechanical properties of titanium 
and Ti-6A1-4V alloy are given in Table 5. In this study, 
the Ti-6A1-4V alloy endosseous dental implant Core-Vent™ 
manufactured by Core-Vent Corporation was implanted into 
dogs and has values for various mechanical properties 
similar to those listed for the Ti-6Al-4V alloy in Table 5. 
The mechanical properties of titanium and titanium alloys 
are very dependent on composition and heat treatments. The 
a stabilizer aluminum in the Ti-6A1-4V alloy does have a 
solid solution hardening effect, but the presence of the a 
and p phase in this alloy contributes much more greatly to 
its strength (Williams, 1981b). 
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TABLE 5. Mechanical properties of Ti and Ti-6A1-4V (ASTM 
F136) 
Property 
Grade 1® 
Ti 
Grade 4 
Ti-6A1-4V 
Alloy 
Core-Vent™ 
Tensile 
strength (MPa) 
240 550 860 
Yield 
strength (MPa) 
170 485 795 
Elastic, 
modulus (GPa) 
110 110 110 
Elongation (%) 24 15 10 
^Grade 1 has a lower impurity content than grade 4. 
bpark, 1984. 
As mentioned earlier, titanium and titanium alloys are 
very corrosion resistant and are essentially noncorrodible 
in near neutral solutions. This noncorrodibility in saline 
solutions has led to the use of titanium and Ti-6A1-4V alloy 
as surgical implants (Williams, 1981b). This high corrosion 
resistance in aqueous environments is due to the high 
instability of titanium in air and water with respect to its 
oxide. When exposed to air, titanium spontaneously forms a 
compact film of titanium dioxide that is approximately 150 Â 
thick. This is the same oxide that is stable in 
physiological solutions. Kasemo (1983) states that from a 
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biochemical viewpoint titanium implants should be regarded 
as oxide ceramics, 
Biocompatibility Williams (1981b) concluded that Ti 
and Ti-6A1-4V alloy are generally well tolerated by local 
tissues. An extensive amount of research on the use of 
titanium as endosseous dental implants has been conducted by 
research teams headed by P. I. Branemark at the University 
of Gothenburg, Gothenburg, Sweden (Branemark et al., 1969; 
Adell et al., 1981; and Hansson et al., 1983). This group 
has found titanium to be well tolerated by epithelial, 
connective, and bony tissues in humans for up to 15 years 
and in animals for up to seven years. In animal studies 
(Hansson et al., 1983) bone was found to be firmly adherent 
to Ti implants and well organized and compact around the 
implants. No evidence of a connective tissue capsule was 
found, and evidence of hemidesmosomes attaching the 
outermost epithelial cells to the Ti implants was found. 
Williams (1981b) stated that possibly the Ti-6A1-4V alloy is 
the best metallic biomaterial taking into account its 
corrosion resistance, biocompatibility, and mechanical and 
physical properties. 
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Pyrolvtic carbon 
Properties Medically useful pyrolytic carbons are 
deposited onto preformed substrates in a fluidized bed by 
the pyrolysis of a gaseous hydrocarbon at temperatures below 
approximately 1500°C (Bokros, 1977). These carbons are 
called the low-temperature isotropic carbons (LTI carbons). 
Methane is a gaseous hydrocarbon commonly pyrolyzed in this 
situation, and the substrates usually are a polycrystalline 
graphite or a metal (Hottel and Gibbons, 1982). The 
resulting deposit is typically one mm thick. 
The structure of pyrolytic carbon is turbostratic. Due 
to completely haphazard stacking and lack of preferred 
orientation of the crystallites (small ordered regions of 
approximately lOO Â), turbostratic carbons are isotropic 
(Bokros, 1977). Two types of bonding in turbostratic 
carbons cause these materials to possess a relatively high 
strength and low stiffness. The covalent C-C bonds 
contribute to the material's high breaking strength, whereas 
the weak van der Waals bonding between layers of 
crystallites contribute to its low modulus of elasticity 
(Kent and Bokros, 1980). An unusually high strain to 
failure (compared to those of ceramics) is the result of the 
combination of high strength and low modulus of elasticity 
(Bokros, 1977). Turbostratic carbons have moduli in the 
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range of bone and teeth (Table 6). Implants made of these 
carbons have the ability to bend with bone thereby 
minimizing stress concentrations which typically lead to 
bone resorption and implant loosening (Bokros, 1977). 
Cyclic loading does not degrade turbostratic carbons, and a 
high hardness can be attained by reducing the crystallite 
size, increasing the density of carbon, and alloying 
elements (like silicon) with carbon (Bokros, 1977). In this 
study, the pyrolytic carbon endosseous dental implant 
Pyrolite® manufactured by CarboMedics, Inc. was implanted 
into dogs. This implant material consists of a graphite 
base coated with approximately one mm of pyrolytic carbon. 
Values for various mechanical properties of Pyrolite® are 
listed in Table 6. 
Biocompatibilitv LTI pyrolytic carbon and LTI-
silicon carbon endosseous dental implants have shown a 
favorable tissue compatibility (Hottel and Gibbons, 1982; 
Hulbert et al., 1975; and Michieli et al., 1979). Hulbert 
et al. (1975) reported on blade type LTI-Si carbon endosteal 
implants implanted in baboons for up to three years. A 
general biological acceptance of this material was confirmed 
with the occurrence of bone growth directly up to the 
implant interface. Michieli et al. (1979) also found new 
bone in direct contact with nonmobile carbon coated cast 
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TABLE 6, Mechanical properties of turbostratic carbons® 
Property Pyrolytic 
carbon 
Pyrolite® 
Vitreous Vapor-deposited 
carbon carbon 
Density (g/cm ) 
Tensile 
strength (MPa) 
Elastic 
modulus (GPa) 
Compressive 
strength (MPa) 
1.7 to 2.2 
276 to 551 
1.4 to 1.6 
69 to 207 
1.5 to 2.2 
345 to >689 
0.17 to 0.28 0.24 to 0.31 0.14 to 0.21 
1240 
'Bokros, 1977. 
cobalt-chromium alloy implant surfaces three months post-
implantation. Fully dense pyrolytic carbon tooth implants 
in dogs showed no tissue inflammation, normal pocket depth, 
and slight mobility in 50% of the cases (Hottel and Gibbons, 
1982). Bokros (1977) stated that there is an apparent 
general observation in the literature that biochemically 
carbon does not inhibit tissue ingrowth and therefore can 
act as a scaffolding for tissue growth. 
Vitreous carbon 
Vitreous carbons are the result of the controlled 
thermal degradation of a preformed polymeric solid that 
leaves a relatively pure glassy carbon residue (Bokros, 
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1977). The structure of vitreous carbon is turbostratic. 
The values of various mechanical properties of vitreous 
carbon are listed in Table 6. 
The Vitredent™ Tooth Root Replacement System which 
consisted of a hollow stainless steel sleeve surrounded by 
vitreous carbon was studied extensively in the seventies 
(Grenoble and Voss, 1977). Vitreous carbon was found to not 
cause inflammation or foreign body reactions in animals for 
as long as five years. The success of the animal studies 
led to human experimentation with this implant. The overall 
failure rate of the vitreous carbon implants in humans was 
32% over a six year period. Grenoble and Voss (1977) 
attributed the major causes of implant failure to inadequate 
immobilization of the implants during the healing stage and 
improper surgical technique. McCoy (1980) reported the 
results of the placement of 200 vitreous carbon tooth root 
implants (Vitredent™ Tooth Root Replacement System) in 
humans from 1972 to 1976. In his opinion, only 1 out of the 
200 implants was clinically successful. Park (1984) listed 
the major problems associated with the vitreous carbon 
implant as being initial poor quality control, loss of too 
much alveolar bone due to the size of the implant needed to 
compensate for vitreous carbon's brittle nature, and poor 
competency among the dentists placing the implants. 
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MATERIALS AND METHODS 
Osteoceramic Characterization and Implant Preparation 
Osteoceramic tooth root implants consisting of 50 vol% 
Ca3(P04)2/50 vol% MgAl204 were made at Iowa State University 
for implantation into dogs. This osteoceramic formulation 
was characterized with regard to phases, microstructure, and 
mechanical and physical properties. 
Osteoceramic characterization 
Density and porosity studies Fifty vol% 
CaiQ(P04)g(0H)2 (calcium phosphate tribasic. Mallinckrodt, 
Inc.) and 50 vol% single calcined MgAl204 spinel (Baikowski 
International Corporation) were thoroughly mixed with 9 wt% 
water by mortar and pestle. The amounts of calcium 
phosphate tribasic and spinel needed for this mixture were 
determined using densities of 3.14 g/cm for calcium 
phosphate tribasic and 3.6 g/cm for spinel. Approximately 
2.81 gm of the osteoceramic powder was poured into a steric 
acid lubricated 1/2 in. diameter steel die. This powder was 
pressed with a Carver Laboratory Press (Model C) at 2000 psi 
for 10 seconds, released, and then pressed at 4000 psi for 
10 seconds, and released. The resulting pellets were 
pressed isostatically at 25,000 psi. The pellets were 
sintered at 1500°C for 1/2 hour in a small globar furnace 
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with a Love controller and left to cool in the furnace. A 
heating rate of 150°C/hr was used up to 800°C after which a 
rate of 200°C/hr was used. 
Density and porosity calculations were made after the 
determination of the following weights of the ceramic 
pellets : 
• dry weight (Wj), 
• saturated weight (Wg ,  the weight of the specimen 
saturated with water), and 
• saturated and suspended weight (Wgg^ the weight 
of the saturated specimen suspended in water). 
These weights are then combined in the following equations 
to determine bulk density (p^)» apparent density (Papp)f 
closed pore porosity (%C.P.), open pore porosity (%A.P.), 
and percent water absorption (%ABS); 
Pb = VfL 
Ws-Wss 
'•» • s. 
%C.P. = (1 - %A.P. - fb) X 100 
100 pt 
%A.P. = Mg-Wd X 100 
Ws~Wss 
%ABS = ^ s'^d X 100 
Wd 
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P l is the density of the saturating medium which was 
distilled water in this case, and is the true density of 
the composite. 
Modulus of rupture studies The modulus of rupture 
(MOR) test is commonly used in the ceramics industry to 
evaluate tensile strengths because of the difficulty of 
direct tension testing of brittle materials. Only a portion 
of the cross section needs to be placed in tension in the 
MOR test, whereas in a direct tension test the entire cross 
section needs to be placed in uniform tension. The extreme 
outer fibers on one side of the specimen experience the 
maximum tensile stress in the MOR test, and this stress 
decreases to zero at the neutral plane. The maximum 
compressive stress occurs in the outer fibers on the other 
side of the neutral plane. 
Bars of the osteoceramic formulation were pressed at 
4000 psi in a 11.4 x 1.3 cm rectangular steel die. Nine wt% 
of a binder solution (3 wt% vinol) was needed to 
successfully press the bars. The bars were then 
isostatically pressed at 25,000 psi and bisected. Twenty 
halves of whole bars were then sintered at 1500°C for 1/2 
hour and allowed to cool in the furnace. Ten of the fired 
bars were stored in a desiccator, and the other ten were 
stored in Ringer's solution^ for 7 months. The modulus of 
rupture was determined for the dry control bars and the bars 
left in Ringer's solution (wet bars) using a three-point 
loading configuration. The three-point loading 
configuration is shown in Figure 7. The bar was supported 
near the ends and a uniformly increasing load was applied 
centrally with respect to the supports until the specimen 
fractured. The MOR tests were performed on a 20 Kip 810 MTS 
machine, and the load was applied through a 0.125 in. 
diameter rod in order to reduce frictional forces which tend 
to have an erratic effect on the results. The supports used 
were also 0.125 in. diameter rods. The load cell had the 
following specifications; Maximum pressure of 21 MPa/3000 
psi and force capacity of 100 kN/22 Kip. The test speed was 
0.0024 in/min. The following equation was used to calculate 
MOR: 
MOR = 3PL 
2bd2 
where P = load (lb), L = span (distance between the outer 
supports, 1.25 in. in this case), b = width (average width 
in in.), and d = thickness (average thickness in in.). The 
units of MOR are psi (Ib/in^). 
^In the Appendix is the composition of the Ringer's 
solution used. 
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FIGURE 7. Diagram of the three-point loading configuration 
for the MOR test. The neutral axis is the dashed 
horizontal line 
Young's modulus of elasticity studies Young's 
modulus of elasticity of the fired osteoceramic composition 
was determined using a resonance frequency method based on 
ASTM Standard Method of Test C 623. This is a method used 
to determine elastic properties of glass and glass-ceramic 
specimens based on the fact that specific mechanical 
resonance frequencies are possessed by specimens of these 
materials which are defined by the elastic modulus, density, 
and geometry of the specimen. The resonance frequency in 
the flexural mode of vibration is used to determine Young's 
modulus if Poisson's ratio is known. 
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A fired bar of the osteoceramic composition, prepared 
in the same manner as the MOR bars, was resected on a low 
speed saw (Buehler, Ltd; model 11-1180) with a diamond 
wafering blade and then surface ground so that the surfaces 
were flat and opposite surfaces were parallel. The width, 
thickness, length, and the weight of the specimen were 0.889 
cm, 0.0686 cm, 3.85 cm, and 0.5281 gm, respectively. This 
specimen was then tested in accordance with ASTM Standard 
Method of Test C 623. 
X-ray diffraction studies A fired pellet of 
Ca3(PO4)2/MgAl204 was crushed and ground into powder using 
an impact mill with steel faces and balls. The diffraction 
patterns of the composite were obtained from a Siemens D500 
X-ray Diffractometer using CuKa radiation. Using Bragg's 
law, (nX = 2dsin0, where 9 is the half angle between the 
diffracted and incident beam, and X is CuKa radiation 
wavelength equal to 1.5410 Â), the d (interplanar distance) 
values of the peaks were calculated. These calculated d 
values were compared to those given in the ASTM Powder 
Diffraction Data File to identify the phases present in the 
osteoceramic composite. The diffraction patterns of the raw 
materials CaiQ(P04)6(0H)2 (calcium phosphate tribasic; 
Mallinckrodt, Inc.) and single calcined MgAl204 spinel 
(Baikowski International Corporation) were also obtained in 
order to characterize the starting materials. 
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Scanning electron microscopic (SEM) studies A fired 
osteoceramic pellet was mounted in Bakelite® obtained 
through Buehler, Ltd., ground with 600 grit SiC paper, and 
polished with 6 m and 1 m diamond paste. One area of the 
polished face of the specimen was etched for 30 seconds with 
IM H2SO4 and another area was etched with 8% EDTA for 
approximately 20 minutes. The specimen was then coated with 
300 Â of gold for SEM and x-ray analysis. Another pellet 
was fractured and coated with gold (300 Â) to view the 
fractured face of the composite. 
Microstructural information was obtained of the etched, 
unetched, and fractured surfaces using a scanning electron 
microscope (JEOL-JSM 840a). X-ray analysis in the electron 
microscope to determine the distribution of calcium, 
phosphorus, magnesium, and aluminum was performed with a 
wavelength-dispersive spectrometer (model WDX2a; Microspec, 
Inc.). This spectrometer analyzed 40,000 counts per 
element. 
Tooth root preparation 
Fifty vol% CaiQ(P04)6(OH)2 and 50 vol% single calcined 
MgAl204 spinel were thoroughly mixed with 9 weight% water by 
mortar and pestle. Approximately 1.3 gm of the osteoceramic 
powder was poured into a stearic acid lubricated 3/8 in. 
diameter steel die. The powder was pressed at 4000 psi 
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(with a 2000 psi intermediate step as before) using a bench 
press and isostatically pressed in rubber envelopes at 
25,000 psi. AI2O3 paper and hobby files were used to shape 
the pellets into tooth roots with an elliptical cross 
section. A groove was made around the bottom third of the 
implant with the files. The implant was sintered at 1500°C 
for 1/2 hour using the same furnace, controller, and heating 
rate as was used in the characterization studies. 
The top 3 mm of the fired tooth roots was polished with 
an alumina polishing compound obtained from Iowa Machinery 
Company, and the wax residue on the tooth roots from the 
polishing compound was removed with xylene. The shape and 
average dimensions of the tooth roots are shown in Figure 8. 
Implantation 
The first, second, and third mandibular premolars were 
extracted bilaterally from ten adult, mixed-breed, 20-50 lb 
dogs. Anesthesia was induced with thiopental and maintained 
on 1-2% halothane during all surgeries. An aseptic surgical 
technique was used during all surgeries. The teeth were 
very difficult to remove and some had to be drilled out with 
a dental bur. Epinephrine (1:10,000 solution) was 
administered topically during surgery when necessary to 
control the bleeding. Wounds were sutured with chromic gut 
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FIGURE 8. Tooth root implant shape and dimensions 
(3-0), The dogs were fed a soft diet for 2 weeks after 
extraction and then returned to a standard hard diet to 
facilitate healing of the soft and hard tissues. 
Radiographs were taken 8 weeks after extraction to assess 
the healing of the mandibles. The extraction sites were 
allowed to heal for 10-13 weeks. 
Dental implants of pyrolytic carbon (Pyrolite®; 
CarboMedics, Inc.), single-crystal sapphire (Bioceram®, 
Kyocera Corporation), titanium/6% aluminum/4% vanadium alloy 
(Core-Vent™ Core-Vent Corporation), and the Cag(204)2/ 
MgAl204 composite were placed into each dog in the first or 
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the third healed mandibular premolar sites (Figures 8 and 
9). The purpose of the groove around the bottom one third 
of the osteoceramic implant was to facilitate the mechanical 
fixation of the implant within the alveolar bone. The load 
that the implant could withstand, within the shape and size 
constraints of dog mandibles, was increased with the use of 
the wide, elliptical shape. The Bioceram® implant has an 
ultrapolished crown for the purpose of facilitating the 
attachment of junctional epithelium. The threaded root of 
this implant allows for the immediate stabilization of the 
implant within the alveolar bone. The Pyrolite® implant 
also possesses a highly polished collar. This collar 
separates the crown from the root of the implant. The Core-
Vent™ implant is self-tapping and has one mm diameter vents 
which allow bony ingrowth. This implant design combines an 
immediate stabilization feature (threads) with a long-term 
stabilization feature (vents). 
The randomization technique used ensured implant 
placement in each mandibular site. The pyrolytic carbon, 
titanium alloy, and sapphire implants were sterilized in a 
Chemclave® vapor sterilizer (MDT Corporation) and the 
osteoceramic implants were steamed sterilized before 
implantation. The heating of a mixture of ketones, 
alcohols, formaldehyde, and water in an autoclave to 132°C 
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under a pressure of approximately 30 lbs. produces the 
sterilizing vapor. The implants were resterilized in a heat 
transfer sterilizer during the implantation procedures if 
there was any doubt about their aseptic condition. 
The armamentaria for the sapphire, pyrolytic carbon, 
and titanium alloy implant placement were purchased from the 
respective manufacturers. A variable speed Unitek® Electric 
Handpiece (Unitek Corporation) set at a speed of 
approximately 5,000 rpms was used to prepare the implant 
sites. The osteoceramic implant sites were prepared with 
Pyrolite® burrs and the implants were tapped into place with 
a sterile padded mallet. Saline was used as a coolant 
during the preparation of the implant sites in order to 
minimize heat-induced bone tissue injury. Healing has been 
shown to be delayed or prevented following bone surgery if 
the heat generated during the surgical preparation severely 
injured the bone cells (Eriksson and Albrektsson, 1983). 
Radiographs were taken pre and post-implantation, and the 
dogs were given the antibacterial Tribrissen® (Burroughs 
Wellcome Co.) 5 days post-implantation. The dogs were 
placed on a soft food diet for 6 weeks post-implantation to 
facilitate healing after which they were put on hard food 
for the remainder of the study. The implantation of each 
type of dental implant will be discussed in detail below. 
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19.5 mm 
14 mm 
9.8 mm 
-•j 3.5 mmp-
3.0 mm 
11 mm 
3,5 mm 
FIGURE 9. Single-crystal sapphire, pyrolytic carbon, and 
titanium alloy dimensions 
Osteoceramic 
A full thickness mucoperiosteal flap made with a buccal 
and cross ridge incision was designed so that closure would 
not be directly over the implant. After reflection of the 
flap, two pilot holes were drilled into the mandible using a 
template to ensure that the holes made were parallel to each 
other. A twist drill was then used to enlarge the holes. A 
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3.5 mm Pyrolite® burr was used to make a site of the proper 
thickness (3.5 mm), width (6.5 mm), and height (7 to 10 mm). 
The implant was then tapped into place with a padded mallet 
(1 mm above the alveolar ridge), and the flap was 
repositioned and sutured for primary intention healing 
(Figure 10a). 
Sapphire 
A mid ridge incision with a full thickness 
mucoperiosteal flap was made in the mucosa to expose the 
underlying alveolar ridge for placement of the sapphire 
implant. The implant placement technique recommended by 
Kyocera, Corporation was followed. Pilot holes (2 to 3 mm 
deep) were drilled mid ridge while ensuring that the proper 
angle with respect to the opposing and adjacent teeth was 
maintained. Two different drill bits were used to ream 
approximately 2 mm deeper than the root length of the 
implant. The hole was then tapped, and the implant was 
screwed into place. The gingival tissue was closed with 3-0 
chromic gut sutures to tightly oppose the tissues to the 
implant (Figure 10b). 
Pvrolvtic carbon 
A mid ridge incision with a full thickness 
mucoperiosteal flap was made to expose the alveolar ridge 
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for the pyrolytic carbon implant placement. A pilot hole 
drilled mid ridge at the proper angle was followed by a hole 
made with the appropriate twist reamer as recommended by 
CarboMedics, Inc. The implant was inserted with finger 
pressure, and the flap was closed around the implant in a 
similar manner to that around the sapphire implant (Figure 
10b). 
Titanium alloy 
A buccal and cross ridge incision with a full thickness 
mucoperiosteal flap was made to expose the alveolar ridge 
for the placement of the Core-Vent® implant. The 
implantation technique recommended by Core-Vent Corporation 
was followed. A pilot hole made with a no. 6 round burr was 
followed by a hole prepared with a 9.5 mm twist drill. An 
internally irrigated trephine drill was used to bring the 
hole to its proper diameter. The base of the hole was 
shaped with a depth drill. The self-tapping implant was 
screwed into place using a ratchet. A polysulfone rod was 
inserted into the implant to prevent tissue ingrowth, and 
the gingival flap was repositioned and sutured (Figure 10c). 
FIGURE 10. Implants immediately post-implantation a) 
Osteoceramic implant before flap placement b) 
Sapphire and pyrolytic carbon implants c) 
Titanium alloy implant before flap placement 
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Clinical Evaluation 
The purpose of the clinical evaluation was to assess 
the clinical success of the implants by the rating of 
clearly defined indices. The dogs were examined clinically 
and radiographically at 1, 2, 3, 6, 9, 12, and 18 months. 
Anesthesia was induced with thiopental and maintained on 
1-2% halothane. Clinical evaluation of the gingival health, 
implant mobility, plaque accumulation, and gingival sulcus 
depth (pocket depth) was conducted, and radiographs and 
photographs were taken at each time period. The indices 
used to assess the clinical implant response were acquired 
from McKinney et al. (1982b) and are listed in Tables 7 -
10. The bleeding index was used to assess the gingival 
health of the animals. 
TABLE 7. Bleeding index 
Index Criteria 
0 Tissue color and stipling normal, no bleeding 
on probing; 
1 Tissue color and stipling normal to slightly 
hyperemic, no bleeding on probing; 
2 Tissue color red with loss of stipling, bleeding on 
probing; 
3 Tissue color markedly red and edematous, bleeds on 
finger pressure or spontaneously. 
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TABLE 8. Plaque-calculus index 
Index Criteria 
0 No plaque; 
1 Plaque can be scraped off with an instrument, 
but is not visible or only slightly visible; 
2 Plaque is visible, but is not a heavy accumulation; 
3 Plaque is extensive, a heavy accumulation; 
4 Calculus present. 
TABLE 9. Mobility and rotation 
Index Criteria 
0 No mobility; 
1 Buccal-lingual mobility less than 0.5 mm in 
each direction; 
2 Buccal-lingual mobility more than 0.5 mm in 
each direction; 
3 Mobility of more than 0.5 mm in buccal-lingual 
and mesial-distal directions; 
4 Depressible. 
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TABLE 10. Radiographic index 
Index Radiographie parameter 
0 No radiographie evidence of bone resorption 
around the implant; 
1 Slight (less than 0.5 mm) resorption of alveolar 
bone around implant; 
2 Moderate resorption of alveolar bone around 
the implant, 0.5-2 mm; 
3 Severe resorption of alveolar bone, more 
than 2 mm; 
4 Radicular radiolucency greater than 1.5 mm 
wide and along more than 1/3 of the 
root surface. 
The control teeth were the right and left fourth 
mandibular premolars. The same person performed the 
clinical evaluations at each time period. To evaluate the 
bleeding index, the tissue around the implant was first 
visually inspected. Finger pressure was then applied to the 
surrounding gingiva and this was followed by the exploration 
of the gingival sulcus with a periodontal probe. 
The mobility index was assessed by placing a blunt 
instrument against the implant or tooth and pushing in the 
appropriate direction. The implant or tooth was rated 
depressible if it depressed when its occlusal surface was 
pushed on. A note was made if the implant rotated. 
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The gingival sulcus depth (pocket depth) was measured 
with a calibrated periodontal probe in the following 
locations around the implant or tooth: Mesial, mesiobuccal, 
buccal, distobuccal, distal, distolingual, lingual, and 
mesiolingual. A value of 3 mm or less was considered 
nonpathological. The general health of the oral tissues 
around the implants in each dog was assessed every week for 
the first 3 months, approximately every two weeks for the 
next 6 months, and then once a month for the last 9 months. 
Tetracycline Labeling 
The ability of certain substances to convert short wave 
lengths of light into radiation of longer visible wave 
lengths is called fluorescence. Substances that have the 
inherent capacity to fluoresce when excited by an 
ultraviolet light source possess primary fluorescence 
(autofluorescence). Fluorescence induced in substances by 
the application of fluorescent compounds or dyes is termed 
secondary fluorescence. The administration of tetracycline 
to fully or partially mineralized bone does not produce 
fluorescent bone (Boyne and Kruger, 1962). The areas of 
fluorescence in the trabeculae and osteons of bone labeled 
with tetracycline are interpreted as new progressively 
mineralizing bone. 
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In order to assess areas of active calcification around 
the implants, two types of tetracycline were administered 
orally before the animals were euthanized. Oxytetracycline 
was given 21 days before euthanasia using the following 
schedule: 250mg every 8 hours for 3 days. Eleven days 
later 300mg of demeclocycline was given using the same 
schedule (every 8 hours for 3 days). Bone labeled by 
oxytetracycline produces a light yellow fluorescent band and 
bone labeled by demeclocycline produces a green fluorescent 
band. 
Histological Evaluation 
The purpose of the histological evaluation was to 
analyze sections of the implants and surrounding bony and 
soft tissue for the presence of an adverse tissue response 
using various types of microscopy. Microradiography was 
also performed in order to qualitatively assess the degree 
of mineralization of the bone contacting the implants. A 
microradiograph is an X-ray picture of an histological 
section which can be studied at the microscopic level. In a 
dental implant study, the presence of mineralized bone 
adjacent to the root of an implant indicates a favorable 
2 United Research Laboratories, Inc. 
o  
Lederle Laboratories Division, American Cyanamid Co. 
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bony tissue response to the implant. 
Two dogs were sacrificed for histological examination 
at 3, 6, 9, 12, and 18 months post-implantation with a 
lethal dose of Sleepaway® (Sodium Pentobarbital; Fort Dodge 
Laboratories, Inc.) Before the animals were sacrificed and 
after the clinical examination, a scalpel was used to 
harvest gingival tissue adjacent to the sapphire implants, 
carbon implants, and control teeth for transmission electron 
microscopic (TEM) analysis of the soft tissue/implant 
(tooth) interface. Before cutting, the area to be harvested 
was flushed with 3% glutaraldehyde in 0.1 M cacodylate 
(pH=7.2). The harvested tissue was fixed in the same 
solution and stored at 0°C until processing. The processing 
steps for the TEM analysis will be covered below. 
Following euthanasia, the mandibles of the dogs were 
removed and fixed in either formalin or 70% ethanol. Four 
animal's mandibles were fixed in formalin for 2-15 weeks 
after which it was learned that formalin causes tetracycline 
to leech out. These specimens were immediately placed into 
70% ethanol after discovering this error. All other 
specimens were fixed in 70% ethanol. Approximately 24 to 48 
hours after initial fixation in 70% ethanol, the mandibles 
were sectioned into tissue blocks containing the implants 
and the control teeth and placed into fresh 70% ethanol. 
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The implant/tissue blocks were stored in 70% ethanol for 1 
to 12 months before the next step was taken. Radiographs of 
the implant/tissue blocks were taken to determine the exact 
location of the implants in the bone. The tissue blocks 
were then trimmed to facilitate dehydrating and embedding of 
the blocks. 
The implant/tissue blocks were taken through a series 
of graded ethanols of 95%, 100%, and 100% for 24 hours at 
each stage which was followed by two 24 hour immersions in 
100% acetone. Spurr's^ low viscosity embedding media was 
used for embedding. The components of the Spurr's embedding 
media were mixed in the following proportions by weight; 
• 10.Og vinylcyclohexene dioxide, 
• 6.0g diglycidyl ether of polypropyleneglycol, 
• 26.Og nonenyl succinic anhydride, and 
• 0.4g dimethlyamino ethanol. 
This particular mixture of the Spurr components is referred 
to as Spurr's standard medium A. The dehydrated 
implant/tissue blocks were placed in a 50:50 mixture (by 
volume) of acetone and Spurr's medium A. A 28 inHg vacuum 
was pulled on the blocks in the solution for 24 hours in 
order to gradually remove the acetone. The blocks were then 
put into fresh 100% Spurr's medium A, and a 28 inHg vacuum 
^Polysciences, Inc. 
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was pulled for another 24 hours. The blocks were then cured 
overnight in a 70°C oven. 
The cured blocks were trimmed and mounted on a 
roughened, cleaned glass slide with Buehler epoxide (6:1 
resin to hardener ratio). The epoxide was cured overnight 
in a 50°C oven. Approximately 200-300 m sections were cut 
from the embedded blocks using a Buehler Isomet Low Speed 
Saw (model 11-1180) with a 5 in. diamond watering blade 
(high concentration). The sections were cleaned with soap 
and water and glued down to a roughened, cleaned glass slide 
with Buehler epoxide. The osteoceramic, pyrolytic carbon, 
and titanium alloy sections were ground with 400 and 600 
grit Sic paper successively, and then polished with 6 n 
diamond paste on nylon cloth using a Minimet polisher 
(Buehler, Ltd.). Lapping oil was used as the lubricant for 
grinding and polishing. The sapphire sections were ground 
using a 30 At diamond disk lubricated with Metadi® solution 
(Buehler, Ltd.) and polished with 6 n diamond paste as with 
the other implant sections. The final section thickness was 
approximately 70-100 m thick. The sections were carefully 
washed with soap and water to remove coarse grits before 
changing grits and after the final polishing. One ground 
section from each implant processed was stained with a 
"Paragon mix" for 1 to 2 minutes at 50°C. The "Paragon mix" 
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consisted of 0.365 gm toluidine blue and 0.135 gm basic 
fuchsin in 50 ml of 30% ethanol. The slides were then 
mounted with Permount® (Fischer Scientific Co.) and a no. 1 
cover glass. 
Stained and unstained sections were then analyzed with 
bright-field, polarized light, and fluorescence microscopy. 
Dr. Yoshia Niyo read the stained slides for pathological 
indications. Ektachrome 50 Tungsten type film was used to 
take bright-field and polarized light slides. Ektachrome 
400 Daylight type film was used to take fluorescence slides 
on a Leeds Vanox microscope with exposure times of up to 1 
minute. 
After all but one of the sapphire and titanium 
alloy/tissue blocks had been totally resected and all of the 
osteoceramic/tissue blocks had been partially resected, it 
was learned that microradiography equipment could be 
accessed at the University of Iowa College of Dentistry. 
Sections of the remaining osteoceramic/tissue blocks and one 
sapphire/tissue block were cut and microradiographed using a 
Torrex X-ray Inspection System (Torr X-ray Corp.; Van Nuys, 
California) operating at 60 KV for 10 seconds. The distance 
of the specimens away from the X-radiation source was 40cm, 
and the film used was Kodak electron microscope film (4489, 
estar thick base). 
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Ultrastructural Evaluation 
The purpose of the ultrastructural evaluation was to 
locate hemidesmosomes associated with a basal lamina in 
order to identify the presence of junctional epithelium. As 
stated in the literature review, the integrity of the 
junctional epithelium at the soft tissue/implant interface 
is believed by many investigators to be crucial to the 
success of endosseous dental implants. 
The glutaraldehyde fixed gingival specimens were washed 
with a phosphate buffer, post-fixed with osmium tetroxide, 
rinsed in distilled water, and passed through a series of 
graded ethanols of 50%, 70%, 95%, 95%, 100%, 100%. These 
samples were transferred into propylene oxide clearing agent 
and removed and embedded in Epon 812 embedding medium. 
Thick sections (1 to 3 m) were cut, stained with toluidine 
blue, and mounted onto glass slides for light microscopy. 
The sections were checked with the light microscope to 
select the correct area for thin-sectioning and thin 
sections (600-900 Â) were microtomed. The sections were 
collected on 3 mm copper grids, stained with a solution of 
uranyl acetate and lead citrate, and analyzed with a Hitachi 
HS-9 transmission electron microscope for the presence of 
junctional epithelium. 
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RESULTS AND DISCUSSION 
Characterization of the Osteoceramic Composite 
The results from the characterization of the 
osteoceramic composite will be reported in the following 
order: raw material properties and specifications, physical 
properties, mechanical properties, phases, and 
microstructure. 
Raw material properties and specifications 
Various properties and specifications reported by the 
respective manufacturers of unfired MgAl204 spinel (single 
calcined) and calcium phosphate tribasic are listed in Table 
11. X-ray diffraction analysis of the raw materials showed 
that calcium phosphate tribasic was composed of 
hydroxyapatite [Ca^o(PO4)g(OH)2] and MgAl204 spinel was 
fully converted MgAl204 spinel. 
Physical properties 
The true density of the osteoceramic composite was 
3 • • 3 
calculated to be 3.37g/cm based on densities of 3.14 g/cm 
q 
for tricalcium phosphate and 3.6 g/cm for spinel. Table 12 
lists the mean values and standard deviations of bulk 
density (pfa), apparent density (Papp)/ percent open pore 
porosity (%A.P.), percent closed pore porosity (%C.P.), and 
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TABLE 11. Properties and specifications of unfired MgAl204 
spinel (single calcined) and calcium phosphate 
tribasic 
Spinel Calcium phosphate 
tribasic 
Formula MgO•AI2O3 as Ca^o (PO4) 6^®^^2 
Crystal system cubic 
Phase purity 100% spinel 
Hardness, Mohs 8 
Melting point (°C) 2135 1670 
Q 
Crystal density (g/cm ) 3.57 3.14 
Refractive index 
Q 1 m 
1.704 
Elementary particle 
s i z e  ( m )  
0.03 
Bulk density (g/cm^) 0.12 
Tap density (g/cm ) 0.18 
Surface area (m /g) 45±5 
Agglomerate size 
distribution 
50% <  3  m  
8 0 %  <  6  u m  
9 5 %  <  8  u m  
percent water absorption (%ABS) for the osteoceramic 
composite. The open pore porosity attained was virtually 
zero; however, the closed pore porosity was significant 
(11.21%). This relatively high value of closed pore 
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porosity would contribute to a lower strength of the 
composite. 
TABLE 12. Density and porosity of the osteoceramic 
composite 
Mean® Standard 
deviation 
Pb (g/cm^) 2.965 0.0134 
Papp (g/cm^) 2.966 0.0126 
%A.P. 0.0234 0.0523 
%C.P. 11.21 0.378 
%ABS 0.0078 0.0174 
^Number of samples = 5. 
Mechanical properties 
The dry strength and the effect of Ringer's solution on 
the strength of the osteoceramic composite are summarized in 
Table 13. The null hypothesis was not rejected since t^able 
> tgaiculated" Therefore exposing the bars to Ringer's 
solution for seven months had no significant effect on the 
strength of the bars. The finding that Ringer's solution 
(which is similar to physiological fluids) did not decrease 
the strength of the osteoceramic is evidence that this 
composition did not degrade significantly in the 
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TABLE 13. Dry Strength and strength after seven month's 
exposure to Ringer's solution of osteoceramic 
bars 
Control bars Exposed bars 
n 18 18 
X (MPa) 79.3 80.3 
s (MPa) 8.0 9.9 
1t1calc 0.325 
to O
 
o
 
2.304 
n 
each). 
= number of samples (6 bars were broken 3 times 
X = mean MOR value. 
s : = standard deviation of the MOR. 
It 'calc ~ absolute value of t calculated from the data. 
to .05 = value of t for 5% level of significance. 
physiological environment during the 7 month time period. 
The MOR strength (which is basically a tensile strength) of 
the osteoceramic composite (80.3 MPa) is somewhat less than 
the value reported for compact cortical bone in Table 2. 
Young's modulus of elasticity for the osteoceramic 
determined by the resonance frequency method was found to be 
53.68 GPa (7.791xl0^psi) which is on the order of the values 
reported for enamel in Table 2. Compact bone has a modulus 
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of elasticity approximately three times lower than that of 
the osteoceramic composite. 
Phases 
X-ray diffraction analysis showed that the osteoceramic 
composite consists of a-Cag(204)2 ^nd MgAl204 spinel. The 
distribution of the elements Mg, Al, Ca, and P in the 
osteoceramic (obtained from X-ray analysis in the scanning 
electron microscope) is shown in Figures 11 and 12. Using 
electron microprobe analysis, McGee and Wood (1974) showed 
that there is no solubility of Mg and Al in the €^3(204)2 
phase of an equimolar mixture of Whitlockite and spinel by 
the fact that Mg and Al were not detected in the areas where 
Ca and P were. In Figures 11 and 12, there is evidence that 
phases are separated, but the method used to detect the 
distribution of the elements was not sensitive enough to 
determine if there was no solid solution of Mg and Al in the 
a-CagfPO^) phase. The boundaries between the phases are not 
clear. An explanation for the unclear boundaries could be 
apparent scattering into the detector from regions where no 
excitation occurred. The secondary electron image of the 
area that was dot mapped is shown in Figure 13. Separate 
phases seen in the secondary electron image can be 
correlated with the dot mapping images of the four major 
elements (Ca, P, Mg, and Al). 
FIGURE 11. Element distribution in the osteoceramic 
composite, a) Magnesium, b) Aluminum (3000x) 
M 
fisi 
FIGURE 12. Element distribution in the osteoceramic 
composite, a) Calcium, b) Phosphorous (3000x) 
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FIGURE 13. Scanning electron micrograph of dot mapped area 
OOOOx) 
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Microstructure 
The fractured surface of an osteoceramic pellet fired 
at 1500°C is shown in Figure 14. These micrographs appear 
to support the occurrence of predominately intergranular 
type fracture. The micrographs of the fractured surface 
also show porosity to be evenly dispersed and isolated in 
the composite. The porosity is not interconnected. 
Phase relief is seen in a polished osteoceramic pellet 
in Figure 15. This phase relief was caused by the use of a 
napped polishing cloth during polishing. The raised areas 
were found to be MgAl204 spinel and the depressed and 
scratched areas were found to be a-Ca3(P04)2f based on X-ray 
fluorescent analysis with the scanning electron microscope. 
The occurrence of the mechanical removal of the a-Ca3{P04)2 
phase during polishing indicates that Ca3(P04)2 is a softer 
material than MgAl204 spinel. The pores in these 
micrographs are on the order of 1.5 to 2.0 Mm in diameter. 
The pores and cracks occur only in the Ca3(P04)2 phase. The 
appearance of small necks between some of the spinel grains 
seen in Figure 15b would be probable weak areas in the 
ceramic. 
Figure 16 includes micrographs of the osteoceramic 
composite after it was etched with 8% 
ethylenediaminetetraacetic acid (EDTA) for 20 minutes. The 
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tricalcium phosphate phase was removed with this etchant 
(determined by X-ray fluorescent analysis with a scanning 
electron microscope) to reveal the cubic spinel crystals. 
Micrographs of the osteoceramic composite after it was 
etched with IM H2SO4 for 30 seconds are shown in Figure 17. 
A spinel matrix is observed in these micrographs with 
tricalcium phosphate in the "holes" of the matrix. The 
cubic spinel crystals are also revealed in Figure 17 along 
with the relatively long and thin tricalcium phosphate 
crystals. The needle-like shape of the tricalcium phosphate 
crystals indicates that some liquid was formed at the firing 
temperature since this crystal shape usually develops from a 
nucleation site in a liquid. 
Clinical Results 
Information regarding the sizes of the dogs, sacrifice 
schedule, implant locations, and additional comments can be 
found in Tables 14 and 15. 
Tables 16-18 list the mean and standard deviation 
values of the bleeding index, mobility and rotation index, 
plaque-calculus index, radiographic index, and the pocket 
depths for the sapphire implants, pyrolytic carbon implants, 
and control teeth over the seven evaluation periods. The 
bleeding and radiographic index mean and standard deviation 
FIGURE 14. Scanning electron micrograph of the osteoceramic 
composite fractured surface. Note evenly 
dispersed and isolated porosity, a) lOOOx b) 
5000X 

FIGURE 15, Scanning electron micrograph of the osteoceramic 
composite polished surface. Diameter of pores 
are 1.5 to 2.0 urn. a) lOOOx b) 5000x 

FIGURE 16. Scanning electron micrographs of the 
osteoceramic composite etched with 8% EDTA for 
20 minutes. Note the cubic spinel crystals, a) 
5000x b) lOOOx 

FIGURE 17. Scanning electron micrographs of the 
osteoceramic composite etched with IM H2SO4 for 
30 seconds, a) 5000x b) lOOOx 
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TABLE 14. Dog weights and sacrifice schedule 
Dog Weight (lb) Sacrificed^ 
5755 50 3 
5726 20 3 
5749 32 6 
5745 35 6 
5704 32 9 
5758 20 9 
5743 36 12 
5727 26.5 12 
5691 22 18 
5756 21 18 
®Time of sacrifice in months after implantation. 
values for the osteoceramic and titanium alloy implants are 
listed in Tables 19 and 20. The number of implants retained 
at each time period was also recorded. 
For each implant type, all values for a particular 
index were lumped together at each evaluation period without 
considering possible differences caused by implant location 
(mesial versus distal placement). It was felt that this 
lumping together of values would not result in any grossly 
misleading information because the intention of reporting 
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TABLE 15. Implant location 
Dog Sap® Carb^ TiC Osteo^ Comments 
5755 m® d^ m d Ti and sap in canine tooth 
root, carb adjacent to 
root fragment. 
5726 m m d d Sap and carb in canine root, 
osteo exposed at nine days. 
5749 d m d m Osteo partly in canine root. 
5745 m m d d 
5704 d d m m Ti and osteo in canine root. 
5758 m d m d Osteo in premolar root. 
5743 d m d m Osteo in canine root. 
5727 m d m d Ti in canine root. 
5691 d d m m Osteo and Ti in canine root. 
5756 m m d d Many roots left from premolar 
extraction. All of the 
implants appeared to be 
placed into root fragments 
or just adjacent. 
®Sap = single crystal sapphire. 
'^Carb = pyrolytic carbon. 
^Ti = titanium alloy. 
*^Osteo = osteoceramic. 
= mesial placement. 
= distal placement. 
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these clinical results was to generally indicate the 
clinical success of the implants. The clinical index data 
included variance due to the subjective nature of the index 
rating. If the means for the implants were more than two 
standard deviations different than the control means they 
were considered to be statistically different. The mean 
index and pocket depth values versus time were plotted for 
each implant type and the control teeth (Figures 18-22). 
Clinically, the sapphire implants were more mobile, had 
a greater degree of bone resorption around their roots, and 
had deeper pocket depths at all time periods than the 
control teeth. One sapphire implant was lost at 16 months 
post-implantation which will be discussed in detail later. 
As seen in Figure 19, there was a general upward trend in 
the plaque, bleeding, and radiographic index values which 
suggested tissue reaction with time. 
The mobility and pocket depths of the pyrolytic carbon 
implants were also significantly greater than those of the 
control teeth during the first six months. There was also a 
general upward trend in the bleeding and plaque index values 
with time for this implant (Figure 20). The pyrolytic 
carbon implant was too radiolucent to make a sound judgement 
of the radiographic success of this implant. Nine out of 
ten carbon implants were lost before six months post-
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implantation. However, the one implant that was retained 
until the animal was scheduled to be euthanized was rigidly 
held in place as can be seen in the plot of the mobility 
index with time (Figure 20). 
The bleeding index values were significantly less for 
the osteoceramic implants than for the control teeth at all 
evaluation periods. The relatively high values for the 
osteoceramic implant bleeding index during the first three 
months post-implantation compared to the values reported for 
the later time periods were due to the exposure of one 
osteoceramic implant nine days after implantation and an 
inflammatory response of a few of the dogs to the suture 
material used to close the mucoperiosteal flaps. The 
radiographic success of the osteoceramic implants was 
significantly better than that of the sapphire and titanium 
alloy implants at the 9 and 12 month intervals (Figure 21). 
The titanium alloy implant bleeding index values were 
significantly better than the control teeth values at the 6, 
9, 12, and 18 month evaluation periods. However, this 
should be true because the titanium alloy implant did not 
pass through the mucosa. The mucosa above many of the 
titanium alloy implants contained fistulous tracts mainly 
during the first three months after implantation. These 
fistulous tracts were reflected in the relatively high 
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bleeding index values for this implant during this time 
(Figure 22). Figure 23a is a picture of a fistulous tract 
that persisted for one year. One implant was lost two 
months post-implantation. The radiographic success of the 
titanium alloy implant was better than that of the sapphire 
implant 12 and 18 months post-implantation. Typical 
clinical responses of the four implants are shown in Figures 
23b and 23c. 
TABLE 16. Clinical evaluation of the control teeth 
1 2 
Time period (mo.) 
3 6 9 12 18 
Bleeding 2.2^ 2.2 2.3 2.19 2.58 2.63 3 
index (0.71) (0.82) (0.72) (0.46) (0.49) (0.48) (0) 
Radio^ 0 0 0 0 0 0 0 
index 
Plaque 1.6 2.5 2.75 3.17 3.75 4 
index (0.99) (1.11) (1.1) (1.33) (0.5) (0) 
Mobility 0 0 0 0 0 0 0 
index 
Pocket 3 3.01 3 3 3 3 3.06 
depth (mm) (0) (0.04) (0) (0) (0) (0) (0.09) 
®Mean(standard deviation). 
^Radiographic. 
TABLE 17. Clinical evaluation of the sapphire implant 
Time period (mo.) 
1 2 3 6 9 12 18 
Bleeding 1. 6 1. 4 2. 0 2. 13 2. 5 2. 5 3 
index (0. 84) (0. 84) (0. 67) (0. 84) (0. 56) (0. 58) ( — ) 
Radio^ 0. 2^ 0. 4b 0. 7b 0. 38b 1. ob 1. 8b lb 
index (0. 63) (0. 84) (1. 3) (0. 52) (1. 7) (0. 5) ( — ) 
Plaque 1. 4 2. 1 3. 4 2. 87 3. 67 4 4 
index (1. 2) (1. 7) (0. 84) (1. 5) (0. 52) (0) ( — ) 
Mobility 0. 65b 0. 6b 0. 7b 1. ob 1. ob 1. ob 0 
index (1. 0) (1. 3) (1. 3) (1. 4) (1. 5) (2. 0) ( — ) 
Pocket 3. 35b 3. 42b 3. 77b 3. 82b 3. 89b 3. 9lb 4b 
depth (mm) (0. 53) (0. 71) (1. 2) (0. 95) (1. 1) (0. 57) ( — ) 
no. (n) 10/10 10/10 10/10 8/8 6/6 4/4 1/2 
retained 
^Radiographic. 
^Different than control. 
TABLE 18. Clinical evaluation of the pyrolytic carbon 
implant 
Time period (mo.) 
1 2 3 6 9 12 18 
Bleeding 2.56 2.38 2.67 2 3 3 
index (0.53) (0.74) (0.58) (  — )  (  —  )  (  —  )  ( - - )  
Radio® 0 0 0 0 0 0 — — 
index (0) (0) (0) (0) (0) (0) (  )  
Plaque 2.1 2.9 3 3 4 4 
index (0.93) (0.84) (0) (  — )  (  —  )  (  —  )  
Mobility 1.78^ 2.5b 2b 0 0 0 
index (1.3) (1.2) (1.7) (  —  )  (  —  )  (  — )  (  — )  
Pocket 3.90% 3.8lb 4.33b 3.5b 3.38^ 3.25b 
depth (mm) (0.42) (0.5) (1.2) (  —  )  (  —  )  (  —  )  (  —  )  
no. (n) 9/10 8/10 3/10 1/8 1/6 1/4 0/2 
retained 
^Radiographic. 
different than control. 
TABLE 19. Clinical evaluation of the osteoceramic implant 
1 2 
Time period (mo.) 
3 6 9 12 18 
Bleeding 
(0 00 o
 0.6® 0.6® 
0
 0
0 ro o
 0.17® 0 0 
index (1.3) (1.1) (1.3) (1.1) (0.41) (0) (0) 
Radio^ 0.3 0.4 0.4 0.25 0.17 0 0.5 
index (0.95) (1.3) (1.3) (0.46) (0.41) (0) (0.71) 
no. (n) 10/10 10/10 10/10 8/8 6/6 4/4 2/2 
retained 
^different than control. 
^Radiographic. 
TABLE 20. Çlinical evaluation of the titanium alloy 
implant 
1 2 
Time i 
3 
period (mo.) 
6 9 12 18 
Bleeding 1.1 1.67 1.78 1.14a 1.4a 1.0® 0® 
index (1.2) (1.6) (1.5) (1.5) (1.5) (1.7) (  —  )  
Radio^ 0.9 0.44 0.67 1.3 1.0 0.33 0 
index (1.2) (0.88) (1.0) (0.95) (1.0) (0.58) ( - - )  
no. (n) 10/10 9/10 9/10 7/8 5/6 3/4 1/2 
retained 
^different than control. 
^Radiographic. 
Bleeding index = x 
Pocket depth = a 
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FIGURE 18. Control teeth clinical rating 
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Radiographic Evaluation 
Radiographic evaluation of the implant/tissue blocks 
before they were embedded was done by a radiologist at Iowa 
State University (Dr. Sandra McNeel). Interference from 
adjacent implants and bony structures was eliminated by 
radiographing these blocks. Figures 24-33 are radiographs 
of the implant/tissue blocks from each dog. In the 
following discussion, refer to these figures. 
The sapphire implants in place for three months had a 
slight decrease in bone density immediately adjacent to the 
threads in one case (dog 5726) and generally good ankylosis 
in the other case (dog 5755). By six months in situ lysis 
of the alveolar crest and bone immediately adjacent to the 
threads was severe in one case (dog 5745) and less severe in 
dog 5749. There was good bony ankylosis radiographically 
nine months post-implantation around one sapphire implant 
(dog 5704), but severe lysis of the adjacent alveolar bone 
around the sapphire implant retrieved from dog 5758. 
Radiographically, there was mild lysis of the alveolar crest 
next to the sapphire implants in situ for 12 months and very 
slight bone loss adjacent to the threaded portion of the 
implants. Bone lysis was evident radiographically at the 
crest and extending along the threads of the sapphire 
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FIGURE 19. Sapphire implant clinical rating 
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FIGURE 20. Pyrolytic carbon implant clinical rating 
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FIGURE 22. Titanium alloy implant clinical rating 
FIGURE 23. Clinical response to the implants, a) Fistulous 
track above titanium alloy at 9 mo. b) Sapphire 
and pyrolytic carbon at 9 mo. c) gingival tissue 
above osteoceramic and titanium alloy at 9 mo. 
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implant in position for 18 months after placement (dog 
5691). 
The one pyrolytic carbon implant retrieved showed good 
bony ankylosis radiographically. The titanium alloy implant 
in situ for three months in dog 5726 showed moderate bone 
lysis along the threads and vents, and good bone 
incorporation was seen in the other titanium alloy implant 
in situ for three months (dog 5755). There was lysis next 
to the threads of one of the titanium alloy implants (dog 
5745) in position for six months and good bone incorporation 
in the other implant. One of the titanium alloy implants in 
position for nine months (dog 5758) had a mild focal 
decreased density of the alveolar bone at the buccal surface 
of the threads, whereas the other titanium alloy implant 
showed good bone incorporation. Good bone incorporation was 
seen in both of the titanium alloy implants in situ for 12 
months, and a very slight loss of bone adjacent to the 
threads on the rostral edge of the titanium alloy implant in 
position for 18 months was observed. 
One osteoceramic implant in situ for three months 
showed severe lysis of the adjacent bone radiographically 
(dog 5726), and the other osteoceramic implant showed good 
bony ankylosis. There was no bone lysis adjacent to both 
osteoceramic implants in position for six months, whereas 
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the osteoceramic implants in position for nine months showed 
slight lysis of the immediately adjacent alveolar bone 
radiographically. Slight bone loss immediately adjacent to 
the implant was seen in one osteoceramic implant in situ for 
12 months, whereas the last three osteoceramic implants 
(dogs 5727, 5691, and 5756) showed no bone lysis 
radiographically. 
Histological Results 
Four main histological techniques were used to analyze 
the implant/tissue sections. Sections from all of the 
surviving implants were analyzed with the following types of 
microscopy: bright-field, polarized light, and 
fluorescence. The osteoceramic/tissue sections and one of 
the sapphire/tissue sections were analyzed with 
microradiography. 
Bright-field microscopy 
Each of the stained implant/tissue sections were 
analyzed with bright-field microscopy in order to assess the 
bony and soft tissue response to the various implants. The 
tissue response to the four implant types will be discussed 
separately and this will be followed by a comparison of the 
tissue response to the four different implants. 
FIGURE 24. Radiographs of osteoceramic, titanium alloy, and 
sapphire/tissue blocks, dog 5755, 3 mo. a) 
mesiodistal view b) buccolingual view 
FIGURE 25. Radiographs of osteoceramic, titanium alloy, and 
sapphire/tissue blocks, dog 5726, 3 mo. a) 
mesiodistal view b) buccolingual view 
FIGURE 26. Radiographs of osteoceramic, titanium alloy, and 
sapphire/tissue blocks, dog 5745, 6 mo. a) 
mesiodistal view b) buccolingual view 
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FIGURE 27. Radiographs of osteoceramic, titanium alloy, and 
sapphire/tissue blocks, dog 5749, 6 mo, a) 
mesiodistal view b) buccolingual view 
FIGURE 28. Radiographs of osteoceramic, titanium alloy, and 
sapphire/tissue blocks, dog 5704, 9 mo. a) 
mesiodistal view b) buccolingual view 
FIGURE 29. Radiographs of osteoceramic, titanium alloy, and 
sapphire/tissue blocks, dog 5758, 9 mo. a) 
mesiodistal view b) buccolingual view 
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FIGURE 30. Radiographs of osteoceramic, titanium alloy, 
sapphire and pyrolytic carbon/tissue blocks^ dog 
5743, 12 mo. a) mesiodistal view b) buccolingual 
view 
FIGURE 31. Radiographs of osteoceramic, titanium alloy, and 
sapphire/tissue blocks, dog 5727, 12 mo. a) 
mesiodistal view b) buccolingual view 
FIGURE 32. Radiographs of osteoceramic, titanium alloy, and 
sapphire/tissue blocks, dog 5691, 18 mo. a) 
mesiodistal view b) buccolingual view 
FIGURE 33. Radiographs of osteoceramic, titanium alloy, and 
sapphire/tissue blocks, dog 5756, 18 mo. a) 
mesiodistal view b) buccolingual view 
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Table 21 lists the percent bone contact of all 
retrieved implants. The bone contact figures in this table 
are only approximate. These values were estimated from one 
section per implant. Using a microscope, the percentage of 
direct bone contact along the sides, top, and bottom of the 
osteoceramic implants was measured. The small increase in 
surface area due to the groove around the bottom 1/3 of the 
implant was neglected. Bone contact along the sides of the 
titanium alloy implants was approximated microscopically 
taking into account the increased area due to the threads. 
Bone contact was also approximated using a microscope along 
the root portion of the sapphire implant. The increased 
surface area due to the sapphire threads was neglected 
because of the variance among implants in the angle of the 
cut along each implant. If normal bone pores (canals) 
interfaced the implant, they were included in the direct 
bone contact figures. Only organized fibrous tissue or 
abnormally large pores or spaces were excluded from these 
figures. Figure 34 is a plot of the average percent bone 
contact to each implant type versus time. The average bone 
contact values were obtained by averaging the two values 
listed in Table 21 for each implant type at the five 
evaluation periods. Note that the percent bone contact 
observed for the osteoceramic implant from dog 5726 is 
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atypical. The clincal response of this implant was also not 
representative of the clinical response of the other 
osteoceramic implants. Based on these facts, the percent 
bone contact data point from dog 5726 was not included in 
Figure ' 34. 
TABLE 21. Percent bone contact for retrieved implants 
Dog Sapphire Pyrolytic 
carbon 
Osteoceramic Titanium 
alloy 
5755 23 __a 80 21.9 
5726 5.3 6.5 <1 
5749 57 — —  66 73.8 
5745 0 — — 84 21.8 
5704 80 54 61.4 
5758 0 82 59.2 
5743 43 0 79 84.2 
5727 76 — 80 82.2 
5691 24 —  —  82 55.9 
5756 85 — — 
^These implants were lost prior to scheduled retrieval. 
Sapphire implant The type of bone contact observed 
around the sapphire implant varied from time period to time 
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FIGURE 34. Variation in average percent bone contact with 
time for retrieved implants 
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period. The sapphire implants in situ for three months 
generally had trabecular type bone contact (Figure 35a). In 
Figure 35a note that bone formation occurred around the root 
of the sapphire implant even though the implant was placed 
into the pulp cavity of the canine tooth root. One of the 
implants in place for six months (dog 5749) was in contact 
with relatively compact bone, whereas the other sapphire 
implant was totally encapsulated with fibrous tissue (Figure 
35b). 
Nine months post-implantation a trabecular type bony 
contact to one implant was seen (Figure 35c), whereas the 
other sapphire implant was encapsulated by fibrous tissue. 
Implants in situ for 12 months had the best bony tissue 
response of the sapphire implants. The type of bone contact 
was compact, remodeled bone (Figure 36a). The bone in 
contact with these implants appeared more remodeled than 
bone in contact with sapphire implants retrieved at earlier 
time periods. The one sapphire implant that survived 18 
months in situ had little direct bone contact; however, the 
bone that did contact the implant was compact. Three out of 
the four sapphire implants that had the most bony contact 
(trabecular or compact) were placed distally and in larger 
dogs. Also, there was generally less bone buccally than 
lingually (Figures 35a and 35b). 
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As can be seen in Figure 34, the average percent bony 
contact to the sapphire implants was relatively low at 3 
months post-implantation, increased to a moderate level by 
12 months, and fell to a low level at 18 months post-
implantation . 
There was histopathological evidence of an adverse soft 
tissue reaction near the proximal portion (neck) of the 
implants in dogs 5743, 5691, 5727, and 5749 (Figure 36b). 
The epithelial-sapphire implant interface of these four dogs 
was surrounded by degenerate soft tissue and moderate 
numbers of inflammatory cells such as neutrophils, plasma 
cells, and macrophages. However, the epithelium generally 
appeared tight against the implant. All of the sapphire 
implants placed mesially had either some or total fibrous 
tissue encapsulation. 
The sapphire implant that was lost approximately 16 
months after placement (dog 5756) was placed into the canine 
tooth root. At the 12 month evaluation period this implant 
was very mobile; it could be rotated and depressed. This 
dog's alveolar ridge did not heal well after the mandibular 
premolar extractions. Several roots of the premolars were 
not totally extracted, and these roots could have served as 
a source of irritation. 
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Seventy eight percent of the sapphire implants were 
associated with fibrous tissue migration. The sapphire 
implants that had some fibrous tissue migration or complete 
fibrous tissue encapsulation generally had slightly deeper 
pocket depths than those implants that had no fibrous tissue 
migration. The sapphire implants that were totally 
encapsulated by fibrous tissue (dogs 5758 and 5745) were 
also very mobile clinically. The radiographic index values 
also supported the bright-field microscopic analysis in most 
cases; a higher value for the radiographic index usually 
could be correlated with fibrous tissue migration or 
encapsulation. The bleeding index results corresponded with 
the histopathological evidence of an adverse soft tissue 
reaction to some sapphire implants. However, the bleeding 
index values of the soft tissue surrounding the sapphire 
implants were not different than that of the soft tissue 
surrounding the control teeth. It must be kept in mind that 
the sapphire implant does not have a periodontal-like 
ligament to defend itself against the invasion of bacteria 
as the tooth does; it must rely on epithelial attachment to 
protect the underlying bone. The significance of this fact 
is that high bleeding index values for the implants, which 
are an indication of a break down of (or lack of) the 
biological seal around the implants, perhaps are more 
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critical in relation to the ultimate failure of those 
implants than high bleeding index values for the control 
teeth are. The radiographic evaluation also generally 
supported the bright-field observations. A decrease in bone 
density could be correlated with fibrous tissue migration or 
encapsulation. 
Pvrolvtic carbon implant One pyrolytic carbon 
implant survived implantation until the scheduled retrieval. 
This implant survived 12 months in a mandibular mesial site. 
There was no direct bone contact to the implant (Table 21), 
although clinically the implant was rigidly held in place 
(Figure 37a). Clusters of inflammatory cells were present 
at the epithelial-implant interface and a downward migration 
of the surface epithelium was observed. The bleeding index 
values for all of the pyrolytic carbon implants were high 
but not different than that of the control teeth. The deep 
pocket depths and high mobility of the implants correlates 
well with the loss of 90% of the carbon implants. Six of 
the pyrolytic carbon implants appeared well placed. One 
carbon implant was placed adjacent to a root fragment (dog 
5755), and the other three were placed into canine tooth 
roots. The reasons behind the high failure of this implant 
could be the design (it was able to slip out too easily) or 
the material. 
FIGURE 35, Sapphire implants, 2,7x a) dog 5755, 3 mo. b) 
dog 5745, 6 mo. c) dog 5704, 9 mo. 
FIGURE 36. Sapphire implants a) dog 5743, 12 mo., 5x b) dog 
5727, 12 mo., 50x, note inflamed gingival tissue 
(arrow) 
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Osteoceramic implant As seen in Table 21, 90% of 
the osteoceramic implants had bony contact values of s 54%. 
One osteoceramic implant (dog 5755) in situ for three months 
was surrounded by somewhat porous bone (Figure 37b). 
Relatively large marrow spaces in the bone immediately 
adjacent to the implant were present in this case. The 
large pores seen in the osteoceramic implant are 300 to 500 
Mm large and could be caused by incomplete mixing of the 
osteoceramic components. There was little bone contact to 
the other osteoceramic implant (dog 5726). As was mentioned 
before, this osteoceramic implant was exposed 9 days after 
implantation which led to its complete failure. The site 
prepared for this implant was made approximately 1 mm wider 
than the implant. After the implant's exposure, this gap 
provided an easy access to the surrounding bone for the 
bacteria. This implant was surrounded by fibrous tissue and 
inflammatory cells such as neutrophils, macrophages, and 
plasma cells. 
Six months post-implantation the bone growth adjacent 
to the osteoceramic implants was also relatively porous in 
nature (Figures 37c, 37d, and 38a). The bone growth 
adjacent to the osteoceramic implants in position for 9 
months appeared less porous in nature than that at 6 months. 
There was a significant amount of bone growth along the top 
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of the osteoceramic implant (which was placed flush with the 
alveolar ridge) in dog 5758. The implants harvested at 12 
months were surrounded by relatively compact bone. 
Haversian systems are seen adjacent to the osteoceramic 
implant from dog 5727 (Figures 38b and 38c) which indicates 
that the bone remodeling had gone on adjacent to the implant 
in the same manner as it does in the bulk bone. There was 
also a significant amount of bone growth along the top of 
dog 5727's osteoceramic implant which was placed flush with 
the alveolar ridge. The 18 month bony tissue response to 
the osteoceramic implant in dog 5756 was similar to the 12 
month response (Figure 38d). The type of bone contact to 
the osteoceramic implant in dog 5691 was more porous than 
that in dog 5756, and there was less bulk bone surrounding 
the implant despite the fact that there was 82% direct bone 
contact. 
Figure 34 shows that there was a high amount of bony 
contact to the osteoceramic composite early in the study, 
and this high level was maintained throughout the remainder 
of the study. This high amount of mineralization adjacent 
to the osteoceramic composite developed by three months; 
nine months earlier than the maximum bony contact observed 
for the titanium alloy and sapphire implants. 
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In several cases, cracks in the osteoceramic implant 
caused by sectioning were found to lead into the bone. This 
phenomenon indicates that there was a strong bond between 
the implant and the bone. A separation, which was also 
caused by sectioning, was found between the osteoceramic 
implant and the bone in a few cases. This occurrence is an 
indication of a relatively weak bond at the implant/bone 
interface. Generally, the amount of direct bone contact to 
the osteoceramic implant did not appear to be related to dog 
size or implantation site. However, the amount of bulk bone 
was related to dog size. Larger dogs generally had more 
bulk bone surrounding the implants than smaller dogs did. 
Most of the osteoceramic implants that had substantial bone 
growth along their top surfaces were placed distally and 
flush with the alveolar ridge. Many of the osteoceramic 
implants that were placed into the mandibular canal also had 
bone growth along the bottom surface of the implant. 
A fibrous capsule along the top of the osteoceramic 
implant was observed in most cases. This implant was 
covered by a full thickness mucoperiosteal flap so the 
appearance of this capsule is not surprising. This capsule 
appeared to inhibit the growth of bone along the top 
shoulders of the osteoceramic implants in some cases. In 
dog 5691 there was localized inflammation along the top 
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buccal shoulder, but this inflammation did not cause any 
bone resorption. Clinically, a fistula was seen over this 
osteoceramic implant on the buccal incision line 2 months 
post-implantation, but this fistula healed by 3 months. The 
radiographic results of the implant/tissue blocks showed 
slight lysis of the bone adjacent to both osteoceramic 
implants retrieved at 9 months and to one retrieved at 12 
months (dog 5704), but this was not supported 
histologically. 
Titanium alloy implant The degree of bone contact 
to the titanium alloy implant varied greatly from implant to 
implant. Three months post-implantation the degree of bone 
contact varied from almost none (<1%) to very slight 
(21.87%). In both cases there was very little bone growth 
into the vents (Figure 39a). The top 2/3 of the titanium 
alloy implant in dog 5755 was almost entirely separated from 
the bone by an inflammatory exudate composed of neutrophils, 
plasma cells, macrophages, and moderate amounts of fibrous 
connective tissue. Irregular bone spicules and dense 
fibrous connective tissue extended into the lower 1/3 of the 
implant via the vents. The other titanium alloy implant 
(dog 5726) was covered by dense connective tissue that was 
diffusely infiltrated by neutrophils and mononuclear 
inflammatory cells. Also, the overlying gingival epithelium 
was hyperplasic. 
FIGURE 37. Micrographs of oyrolytic carbon (P) and 
osteoceramic (0) implants, 2.6x a) P, dog 5743, 
12 mo. b) 0, dog 5755, 3 mo. c) and d) 0, dog 
5745, 6 mo., 2.6x, 18x 
FIGURE 38. Micrographs of osteoceramic implants, 2.6x a) 
dog 5749, 6 mo. b) and c) dog 5727, 12 mo., 
2.6x, IBx, note haversian systems (arrow) d) dog 
5756, 18 mo. 
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There was a greater amount of bone growth into the 
vents six months post-implantation. The general hard tissue 
response was more favorable at this time period than at 
three months post-implantation. A greater amount of direct 
bone contact to the implants and bulk bone surrounding the 
implants was observed (Figure 39b). There was a moderate 
amount of inflammation associated with the titanium alloy 
implant in dog 5745. There was an inflammatory exudate 
consisting of neutrophils, plasma cells, macrophages, 
fibroblasts, and collagen fibers between the bone and the 
upper portion of the implant, and the connective tissue 
covering this implant was infiltrated by neutrophils, 
macrophages, and plasma cells. Also, the surface epithelium 
of this implant was largely replaced by necrotic debris 
(Figure 39c). 
The titanium alloy implants in situ for 9 months had a 
similar bony tissue response to those in situ for 6 months. 
A fair amount of bone contact to the implants and 
surrounding compact bulk bone was observed. Bone growth 
into the vents of one titanium alloy implant (dog 5758) was 
quite extensive; however, this could be misleading because 
the section analyzed was near the edge of the implant. The 
fibrous tissue covering the top of this implant was 
infiltrated by neutrophils and macrophages. 
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The bone interfacing the titanium alloy implants in 
position for 12 and 18 months was generally more porous, 
especially in dog 5743. However, there was organized 
fibrous tissue contacting only 10% of the sides of this 
implant. The bone contacting the implants in dogs 5743, 
5727, and 5691 was patchy in nature due to many of the 
marrow spaces of the bone touching the implants (Figures 39d 
and 39e). In general, the bulk bone growth up to the 
implants was compact in nature. The fibrous tissue covering 
the titanium alloy implant in dog 5727 was infiltrated with 
a moderate number of neutrophils and mononuclear 
inflammatory cells. Haversian systems were observed 
immediately adjacent to these last three implants which 
indicated that dynamic bone remodeling occurred adjacent to 
the implant (Figure 39e). Bone growth into the vents of the 
implants was fairly extensive in dogs 5727 and 5691. The 
connective tissue above the titanium alloy implant in dog 
5691 was infiltrated by moderate numbers of mononuclear 
inflammatory cells. 
A low amount of bony contact to the titanium alloy 
implants was observed at three months post-implantation 
(Figure 34). The bony contact increased to a relatively 
high level by 12 months and fell to a moderate level at 18 
months post-implantation. 
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Three of the four titanium alloy implants that had a 
substantial amount of bone growth into their vents were 
placed mesially. Four of the six implants that had S 56% 
direct bone contact were placed mesially. The size of the 
dog appeared to have no effect on the amount of bone growth 
into the vents or bone contact to the surface of the 
titanium alloy implant. Seventy eight percent of the 
titanium alloy implants were associated with inflammation. 
There is some question as to whether the inflammation was 
associated with the polysulfone insert or the titanium alloy 
implant or both. The inflamed connective tissue over five 
of the titanium alloy implants was in direct contact to the 
polysulfone insert. Only two of these five implants also 
had inflammatory products next to the titanium alloy 
implant. The polysulfone was inadvertently not inserted in 
two cases (dogs 5749 and 5704). Inflammation was associated 
with the titanium alloy implant in dog 5704, but this could 
have been caused by a premolar root fragment that actually 
worked its way out by the three month evaluation period. 
The inflammation of the connective tissue above the titanium 
alloy implant in dog 5758 was probably partially caused by 
chromic gut sutures that never resorbed and had to be 
removed at the one month evaluation period. 
142 
The bleeding index results of the titanium alloy 
implant correlated well with the histological occurrence of 
inflammation for this implant. Radiographically, most of 
the implants associated with a greater amount of bone lysis 
were also associated with inflammation. One titanium alloy 
implant (dog 5756) was lost sometime between the one and two 
month evaluation periods. From the radiographs, it appeared 
that this implant was placed into a proximal root of the 
third premolar. Possibly this root fragment led to the loss 
of this implant. 
Comparison of implant response Generally, the 
histological and clinical results indicated that the soft 
tissue and bone adapted very well to the osteoceramic 
implant. A high amount of bony contact to this implant 
developed early in the study and was maintained throughout 
the remainder of the study. A similar type of bone 
remodeling to that found adjacent to the osteoceramic 
implant was observed adjacent to the titanium alloy implant. 
The level of bony contact to the titanium alloy implant was 
low at 3 months and rose to a high level by 12 months. This 
level of bony contact dropped slightly at 18 months. 
However, a moderate amount of inflammation was associated 
with most of the titanium alloy implants. Histologically, a 
slight amount of inflammation was associated with the 
FIGURE 39. Micrographs of the titanium alloy implants, 2.6x 
a) dog 5755, 3 mo. b) dog 5749, 6 mo. c) dog 
5745, 6 mo. d) and e) dog 5691, 18 mo., 2.6x, 
8x, note haversian systems adjacent to the 
implant 
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sapphire implants. However, the response of the bony tissue 
to the sapphire implants was considerably inferior to that 
of the bony tissue to the osteoceramic and titanium alloy 
implants. This inferior bony response to the sapphire 
implant was evident in the low amount of bony contact 
observed early in the study and the increase to a moderate 
level by 12 months. This contact dropped to a low level at 
18 months post-implantation. The bone response to the 
sapphire implants appeared to be more passive with generally 
little active bone remodeling. The complete failure of the 
pyrolytic carbon implants was evident in the fact that 90% 
of the implants were lost before scheduled retrieval. 
The difference between the environment that the 
protruding implants (sapphire and pyrolytic carbon) and the 
buried implants (osteoceramic and titanium alloy) were 
exposed to is of importance. The protruding implants were 
exposed to functional masticatory forces and bacteria, 
whereas the buried tooth roots were not. This difference in 
environment could account for the better clinical response 
of the osteoceramic implant compared to that of the sapphire 
and pyrolytic carbon implants; however, the titanium alloy 
implant, which was buried during the entire study, generally 
had a poor clinical response. Perhaps a slight amount of 
motion of the implants caused by masticatory forces 
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contributed to the failure and fibrous tissue encapsulation 
of some of the sapphire and all of the pyrolytic carbon 
implants. This failure due to motion of the implant would 
support the opinion of some researchers that the tooth 
implant must first be buried to allow for bony union before 
putting the root into function (which is the definition of a 
tooth root implant). 
The bony tissue response of all four implant types 
could be compared. Most of the sapphire implants that had 
little to no fibrous tissue migration were not interfaced by 
remodeled bone as the osteoceramic and titanium alloy 
implants were. Perhaps this lack of a remodeled bone 
interface was due to the greater inertness of the sapphire 
implant than that of the osteoceramic and titanium alloy 
implants. 
Microradiography 
In general, the microradiographic results supported the 
bright-field microscopic results. What appeared to be 
mineralized bone histologically was generally confirmed with 
the microradiographic results. Microradiographs were taken 
of one osteoceramic section from each dog and of a sapphire 
section from dog 5726 since these blocks had not been 
totally resected when the histological work was done. The 
osteoceramic/tissue sections will be discussed first. 
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The bony interface of the osteoceramic implant that was 
in dog 5755 for three months was mineralized. The bulk bone 
immediately adjacent to the implant was generally porous in 
nature as seen in Figure 40a. The bone adjacent to one 
osteoceramic implant in situ for six months (dog 5749) was 
less porous in nature than that adjacent to dog 5755's 
osteoceramic implant. This osteoceramic implant was well 
encased by mineralized bone. The bony ankylosis is better 
in this section than the section analyzed with bright-field 
microscopy (compare Figures 38a and 40b). The bony 
interface of the other osteoceramic implant in situ for six 
months (dog 5745) consisted of mineralized bone but was 
still somewhat porous. A slight separation of the implant 
from the bone can be seen in the microradiograph which is 
believed to be a sectioning artifact as described in the 
bright-field analysis section (Figures 37c and 40c). 
One osteoceramic implant in situ for nine months (dog 
5704) was encased by mature porous bone. The particular 
section shown in Figure 40d contained a large long pore on 
the lingual side that was not present in the section 
analyzed histologically. A small amount of mineralized bone 
can be seen immediately adjacent to the implant (Figure 
40e). The bone interfacing the osteoceramic implant in dog 
5758 was well mineralized and relatively nonporous in nature 
(Figure 40f). 
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Both of the osteoceramic implants in situ for 12 months 
had bony ankylosis (Figures 41a and 41b). The adjacent bone 
was relatively nonporous in both cases. There was no 
mineralized bone interfacing the top of the osteoceramic 
implant from dog 5727 in this particular section (Figure 
41b) although the section analyzed histologically did appear 
to have a mature bone interface on the top of the implant. 
This difference could be due to the difference between 
sections. 
The bony interfaces of the osteoceramic implants in 
position for 18 months were well mineralized." The 
osteoceramic implant from dog 5691 had a more porous bony 
interface than the implant from dog 5756; however, both 
implants showed excellent bony ankylosis (Figures 41c, 41d, 
41e, and 41f). 
In general, the microradiography results of the 
osteoceramic sections indicated that the osteoceramic 
implant was directly interfaced with bone. Depending on the 
section, the pores of the bone occasionally contacted the 
implant; however, this contact generally appeared to be a 
healthy situation. In a few cases when the implant was 
placed into the canine root, the periodontal ligament of the 
canine interfaced part of the implant (Figures 40d and 41a). 
The microradiograph of a section from the sapphire/tissue 
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block from dog 5726 revealed no mineralized bone directly 
interfacing the implant, whereas histologically a bone 
interface of 5.3% was estimated. 
Polarized light microscopy 
Bone polarizes in a characteristic way predominantly 
due to the birefringent nature and arrangement of collagen 
fibers although the crystallites of the bone mineral are 
also birefringent. However, collagen has the higher 
anisotropy of the two. 
Optically polarized bone was seen directly interfacing 
the osteoceramic implant from dog 5755 in the same pattern 
as was seen in the bright-field microscope and in the 
microradiographs (Figures 37b, 40a, and 42a). For the 
remaining osteoceramic sections, where it appeared that bone 
was interfacing the implant with the bright-field analysis 
was generally confirmed with both the microradiography data 
and the polarized light analysis. The microradiography data 
served as a confirmation of the mineralization of the bone 
adjacent to the implants. Since the microradiography data 
was determined to correlate well with both the bright-field 
and polarized light results for the osteoceramic implants, 
the polarized light microscopic results for the titanium 
alloy and sapphire implants were believed to be generally 
useful in verifying bone formation adjacent to these 
FIGURE 40. Microradiographs of osteoceramic/tissue 
sections, 4.6x a) dog 5755, 3 mo. b) dog 5749, 6 
mo. c) dog 5745, 6 mo. d) and e) dog 5704, 9 
mo., 4.6x, 21x f) dog 5758, 9 mo. 
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FIGURE 41. Microradiographs of osteoceramic/tissue 
sections, 4.6x a) dog 5743, 12 mo. b) dog 5727, 
12 mo. c) and d) dog 5691, 18 mo., 4.6x, 21x e) 
and f) dog 5756, 18 mo., 4.6x, 21x 
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implants. Microradiography data were not obtained for most 
of the sapphire and titanium alloy implants because suitable 
specimens were not available. 
The bone along the top of the osteoceramic implant 
section from dog 5727 was found to barely polarize light, 
consequently shedding doubt on the mineralization of all of 
that area of bone (Figures 38b and 42b). The thin slivers 
of bone along part of the sides and bottoms of osteoceramic 
implant sections from dogs 5691 and 5756 observed with 
bright-field microscopy were verified with polarized light 
microscopy. Thin polarizing lines are seen in the polarized 
light pictures which correspond to the areas in the bright-
field pictures where these thin slivers of bone were seen 
(Figures 38d and 42c). 
As observed with the osteoceramic implant sections, the 
polarized light analysis of the titanium alloy implant 
sections also corresponded well with the bright-field 
analysis of these implant sections. Areas where bone was 
present polarized light characteristically and areas where 
fibrous tissue or marrow spaces occurred were dark. The 
trabecular bone that grew into the vents of the titanium 
alloy implants polarized light strongly (compare Figures 39b 
and 42d). Polarized bone was observed directly interfacing 
the titanium alloy implants in the cases wherever it was 
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observed in bright-field microscopy (compare Figures 39d and 
43a). 
The polarized light analysis supported the bright-field 
findings for both the sapphire implants and the pyrolytic 
carbon implant. The fibrous tissue capsules found around 
the sapphire implants by bright-field analysis were clearly 
outlined during polarized light analysis (compare Figures 
35b and 43b) The dark space surrounding the sapphire 
implant is the fibrous capsule in Figure 43b. Trabecular 
type bone contact found in some sapphire implant sections 
was clearly highlighted in the polarized light slides 
(compare Figures 35c and 43c). 
Fluorescence microscopy 
Most fluorescence studies are completed within three to 
six weeks after an osseous defect is created in a host when 
the intention is to trace the stages of bone growth. In 
most animals the bulk of the bone growth would be completed 
in this time period. However, bone is a dynamic tissue and 
on a microscopic level it is in a constant state of being 
resorbed and regenerated. In osteons the most recently 
formed lamella is the one closest to the central canal 
(Junquiera and Carneiro, 1983). 
Since the rate of bone growth was not of direct 
interest in this project, the fluorescence results were not 
FIGURE 42. Polarized light micrographs, 2.6x a) 
osteoceramic (0), dog 5755, 3 mo. b) 0, dog 
5727, 12 mo. c) 0, dog 5756, 18 mo. d) titanium 
alloy, dog 5749, 6 mo. 
FIGURE 43. Polarized light micrographs, 4.6x a) Titanium 
alloy, dog 5691, 18 mo. b) sapphire (S), dog 
5745, 6 mo. c) S, dog 5704, 9 mo. 
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as useful as was originally believed. Indeed, fluorescence 
of the thin sections was observed in expected areas; for 
example, osteonal canals and the borders of trabeculae 
fluoresced. However, problems with autofluorescence were 
encountered. The Spurr's embedding medium was also 
determined to possess some autofluorescence. 
Fluorescent osteonal canals were observed around the 
osteoceramic implant section from dog 5758. The presence 
of these fluorescent canals implies that there was active 
bone formation adjacent to the implant at the times that the 
tetracyclines were administered (three and one and one half 
weeks before sacrifice). In Figure 44a the osteonal canals 
are brightly outlined adjacent to the implant and parts of 
the outer edge of the mandibular bone are fluorescent. 
Figures 44b and 44c are fluorescent pictures of the titanium 
alloy and sapphire implants, respectively that were in dog 
5691. Osteonal canals and trabecular bone are fluorescent 
as anticipated. These three pictures are some of the 
clearest fluorescent pictures that were obtained because 
they possessed the least amount of autofluorescence. It is 
believed that for this particular study the ultraviolet 
light microscopy did not greatly add to the understanding of 
hard and soft tissue response to these implants, but could 
be of tremendous value in other studies such as those 
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studies comparing the effect of different materials on the 
rate of bone growth. 
Ultrastructural Results 
Several gingival specimens harvested adjacent to the 
sapphire implant, pyrolytic carbon implant, and control 
teeth were analyzed with transmission electron microscopy 
for the presence of junctional epithelium before determining 
that this portion of the oral epithelium had been destroyed 
when the samples were harvested. A technique that is 
recommended for future work to preserve this epithelium is 
to freeze fracture the implant away from the tissue by first 
dipping the implant/tissue block into liquid nitrogen and 
then into boiling water. 
FIGURE 44. Fluorescence micrographs of implant/tissue 
sections, 9.8x a) osteoceramic, dog 5758, 9 mo. 
b) titanium alloy, dog 5691, 18 mo. c) sapphire, 
dog 5691, 18 mo. 
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SUMMARY AND CONCLUSIONS 
The single-crystal sapphire implant was associated with 
a slight amount of inflammation and generally little active 
bone remodeling. The amount of bony contact to this implant 
was low early in the study (14%) and increased to a moderate 
leve^ by 12 months (59%). This moderate level dropped to a 
low level by 18 months (24%). Most of the implants were 
associated with some fibrous tissue migration and two were 
completely encapsulated with fibrous tissue. The clinical 
and radiographic results indicated a gradual increase in 
tissue reaction to the sapphire implant with time. One 
implant that was very mobile at 12 months fell out at 
approximately 16 months post-implantation. 
Ninety percent of the pyrolytic carbon implants were 
lost before scheduled retrieval. The failure of this 
implant was evident clinically and histologically with the 
occurrence of deep pockets in the gingival tissue 
surrounding the implants, high bleeding index values, high 
mobilities of the implants, and no direct bone contact. 
Based on this study, the pyrolytic carbon implant is not a 
suitable dental implant. 
The titanium alloy implant was associated with a 
moderate amount of inflammation early in the study. Bone 
was observed to respond favorably to the titanium alloy 
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implant. Active remodeling occurred adjacent to many of 
these implants. The amount of bony contact to this implant 
was low early in the study (11%) but rose to a high level by 
12 months post-implantation (83%). 
The osteoceramic implant was generally not associated 
with inflammation, and bone adapted well to the osteoceramic 
composite. An active bone remodeling response was observed 
adjacent to the implant. A high amount of bony contact to 
this implant developed early in the study and was maintained 
throughout the remainder of the study. This high level of 
bony contact, approximately 80%, developed by three months; 
nine months earlier than the maximum bony contact observed 
for the sapphire and titanium alloy implants. In some cases 
a strong bond between the osteoceramic implant and bone was 
observed. This strong bond was an indication of the 
biological activity of the osteoceramic. 
Based on this study, the tissue response of the 
osteoceramic implant was found to be superior to that of the 
three commercial implants studied. 
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APPENDIX 
Ringer's solution is a physiological saline solution 
that has sodium, potassium, and calcium ions present in 
approximately the same amounts as in normal body fluids. 
The following composition of Ringer's solution was used in 
this study: 
Ringer's solution (Williams and Lansford, 1967) 
Compound q/1 
NaCl 6.8 g 
KCl 0.4 g 
CaCl2 0.2 g 
MgS04 0.1 g 
NaH2P04 0.125 g 
NaHCOg 2.2 g 
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